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EFFECTS OF HUMIDITY AND COMPOSITION ON 
STRENGTH AND YOUNG’S MODULUS OF ENAMELS 


By Dwight G. Moore and William N. Harrison 


ABSTRACT 


Both Young’s modulus and the modulus of rupture of eight types of enamel 
frit were determined under constant conditions of temperature and humidity, by 
transverse loading of annealed fibers about three-fourths millimeter in diameter. 
{]so, one enamel fired on metal specimens was tested under varying conditions of 
1un Lidity for resistance to chipping in torsion. Fibers of two of the frits were 

sted in air under different humidities at constant temperature, immersed in 
\iferent liquids at constant temperature, and immersed in water-free kerosene at 
liferent temperatures. The most noteworthy effect observed was that of hu- 
idity upon the modulus of rupture of the frit fibers and also upon the resistance 

enameled-iron specimens to chipping in torsion. 


CONTENTS 


I. Introduction-— 3 ee 
ll. Preparation ol specimens... ..........-.........- 
Ili. Modultis of runqure: teste... ... 220 once une 
1. Methods of testing and treatment of data 
(a) Sustained- load tests__ < 
(b) ‘Tests with uniformly increasing load _ - 
2. Iffect of humidity on modulus of rupture_ -----_- 
(a) Effect of humidity in sustained-load tests_ 
(b) Effect of humidity in tests with uniformly increasing 
[ict re ee 2 
3. Effect of immersion in different liquids 1 on modulus of rupture 
1, Effect of temperature on modulus of rupture__-___...---~-. 
5. Variation in modulus of rupture with type of frit___-_ 
6. Discussion of results 
IV. Torsion tests on enameled-iron specimens. .--- - - 
1. Method of testing..................- 
2. Effect of humidity on 1 resistance to chipping by ‘torsion - 
6. ADIBCUsSION OF TOUTS... <a snes. 
V.. Modulus of elasidity teste... ..-.... 2c o5-c5-.. 
1. Method of testing and treatment of data_- 
2. kffect of humidity on modulus of elasticity__ 
3. Variation in Young’s modulus with type of frit 
#, Lacnesion Or remilte... =. <<. sean ncic.- 
VI. Conclusions. -_--- - 
VII. References__--- 


I. INTRODUCTION 


This report is the third in a series concerning the various properties 
of eight typical commercial enamel frits. The papers already pub- 
lished relate to consistency [1]' and surface tension [2]. A study of 
the thermal expansion and refractoriness of these enamels has been 


aR igures in brackets indicate the literature references at the end of this paper. 
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completed but is not yet published. Both the method of selectioy 
and the composition of the frits have been previously reported {1} 
The types of enamel represented are as follows: ial 

Frit 1, a “soft’’ sheet-iron ground-coat frit, to be mixed with , 
harder frit before use. 

Frit 11, a “hard” sheet-iron ground-coat frit, used with admixtyre 
of a softer frit. 

Frit 6, an acid-resisting type of white cover-coat frit for sheet iroy 

Frit 25, an “ordinary” white cover-coat frit for sheet iron. 

Frit 35, a “‘super-opaque”’ white cover-coat, frit for sheet iron, 

Frit 65, a leadless dry-process frit for cast iron. 

Frit 72, a high-lead (40 percent of PbO) wet-process frit for cast 
iron. 

Frit 85, a lead-bearing (10 percent of PbO) dry-process frit for g 
cast iron. 

II. PREPARATION OF SPECIMENS 


The specimens used for both strength and elasticity determinations 
were drawn by hand as fibers from molten frit contained in platinum, 
The fibers were started with a round nickel rod, the temperature dur- 
ing drawing being adjusted to give fibers between 0.65 and 0.85 mm 
in diameter. Such specimens were chosen as approximating in thick- 
ness the enamel on normally coated ware. The length of the speci- 
mens for the modulus-of-elasticity tests was about 12 cm and for the 
strength tests about 4 cm. Only straight fibers which were either of 
round cross section or but slightly out-of-round were chosen. These 
fibers were annealed in a laboratory electric furnace by heating for 
not less than 15 min at about 5° C (9° F) above the interferometer 
softening point [3] and cooling at a rate of approximately 2° C (4° F 
per minute through the critical range. 

Frit 6 was applied as an enamel coating on blanks of 20-gage iron, 
8 in. (20 cm) long and 2 in. (5 em) wide, which had been bent, before 
enameling, to form 1-in. (2.5 cm) angle-iron specimens having a }¢-in. 

2 mm) radius of curvature (outside) at the apex. Each specimen 
was first ground-coated and then coated with enamel 6 on the outer 
surface. Before firing, the dried cover coat was brushed off a distance 
of %-in. (6 mm) from the edges and 2 in. (5 em) from the ends of the 
specimen. 


III. MODULUS OF RUPTURE TESTS 
1. METHODS OF TESTING AND TREATMENT OF DATA 


One of the more important variables in strength tests on brittle 
materials is the rate at which load is applied. The strength of glass, 
for example, has been shown to vary widely with the loading rate [4]. 
It, therefore, seems necessary either to control the loading rate closely 
or to eliminate this variable as far as possible by the use of sustained 
loads. In this investigation both methods were used. 


(a) SUSTAINED-LOAD TESTS 


The procedure used in the sustained-load tests, which has been 
previously described [5], may be easily understood by reference to 
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seyre 1. Using a 2.35-cm span, 20 specimens were tested inde- 
nendently at each specified stress, never less than 5 separate stresses 
100 specimens) being used for each determination. Each of the 
sost set of 20 specimens was calipered and loaded at the center to 
rive a maximum fiber stress of 8 kg/mm’. After a lapse of 20 hr, 
two specimens, or 10 percent of the set, had failed. Twenty new 
-yecimens were then similarly tested at 9 kg/mm? and 20 percent of 
‘hese failed. ‘This procedure was repeated with stress increments of 
| kc¢/mm? until at least 80 percent of the specimens failed (95 percent 
i. fig. 1). The median stress, that is, the stress required to 
preak 50 percent of the specimens (approximately 11.5 kg/mm? in 
sr, 1), and the statistical error of the determination were computed 
‘om the data by the method of C. I. Bliss [6]. Throughout the in- 
vestigation, the statistical 95-percent-confidence error was used 
7, 8}. 
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hicure 1—Typiecal data obtained in a determination of modulus of rupture by 
sustained loading. 


_ Each point indicates the percentage of a 20-specimen sample which failed within 20 hours under sustained 
load at the indicated stress. The computed stress required for 50 percent failure was reported. 





(b) TESTS WITH UNIFORMLY INCREASING LOAD 


In the tests with uniformly increasing load, the stress was applied 
ul the center of the specimen on a span of 2.35cem. ‘The center knife- 
edge was attached to the base of a modified pan balance and remained 
tationary. The two end supports were suspended from one arm of 
the balance, and moved upward as the load was applied to the opposite 
im by allowing water to run into a vessel supported therefrom. The 
water in the reservoir was kept at a constant head by use of a Mariotte 
bottle and hence flowed at a constant rate. This rate was 1.354 ++ 
).003 g/sec, and the applied loads were obtained to an accuracy of +: | 
percent by means of a stop watch. In these tests the rate of stress 
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application varied from a minimum of 0.132 (kg/mm *)/see to a mayi- 
mum of 0.295 (kg/mm*)/sec, depending on the diameter of thp 
specimens. ‘Twenty-five to fifty specimens were tested in each 


determination, and the statistical error was computed by ordinary 
methods [7]. 


2. EFFECT OF HUMIDITY ON MODULUS OF RUPTURE 


In a period of relatively high humidity, frit 85 gave 50 percent 
failures under sustained loading at a stress of 9 kg/mm’. Later, unde, 
the same conditions, except for lower humidity, this same frit gaye 
only 15 percent failures. However, when a’ small drop of water was 
placed gently on the midpoint of each specimen, the 17 test rods 
remaining unbroken out of the original 20 began breaking almos 
immediately and within 40 min showed 65 percent failures instead 0 
the original 15 percent. Calculations indicated that the weight of 
the water drops could not have increased the maximum fiber stress 
by more than 0.03 kg/mm?. To determine whether or not it is 
necessary to control the humidity fairly closely in order to obtain 
comparable results, further experiments were made to determine the 
effect of variations in humidity on the strength of the specimens 
broken by sustained and by increasing loads. Frits 1 and 6, which 
represented two distinct degrees of fusibility, or hardness, were 
selected for this study. 


(a) EFFECT OF HUMIDITY IN SUSTAINED-LOAD TESTS 


A box in which both the temperature and the humidity could be 
controlled was constructed to contain the apparatus used for the 
sustained-load tests. The temperature was maintained at 36° ( 
(97° F) and tests were made at 56- and 90-percent relative humidity. 
The 90-percent humidity resulted from placing pans of water on the 
floor of the box, while the 56-percent humidity resulted when 
saturated solution of cobalt chloride was substituted for the water, it 
being possible to maintain both humidities to +3 percent in this way. 
A wet- and a dry-bulb thermometer placed in the path of a circulating 
fan were used for the humidity determinations. The results given in 
table 1 show significantly greater strength ? at 56- than at 90-percent 
relative humidity. Frit 1 had the lower modulus of rupture and 
showed a greater effect resulting from humidity change, the strength 
being about 53 percent greater at the lower humidity. The strength 
of frit 6 was about 15 percent greater at 56- than at 90-percent relative 
humidity. 

2A difference was considered significant if there was a 95-percent or greater probability that it was not 


caused by chance fluctuations in sampling or in test conditions. ‘To determine whether or not this require- 
ment was fulfilled, the following ratio was used: 


d 


Vere 


In this ratio, ¢; and ¢2 are the 95-percent-confidence errors of two determinations, as computed by the method 
of Bliss (see reference [6]), and d is the difference between the two determinations. If this ratio equaled or 
exceeded unity, the difference was considered significant, on a basis of 95-percent confidence. 
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Modulus of rupture of fibers of frits 1 and 6 by sustained-load and by 
increasing-load tests 


lest method 


| : ie | 
Frit | Relative | Number of | Modulus of 
number | humidity | specimens | rupture ® 

| 


| Percent | kg/mm 
1 90 100| 4. 740.8 
: : 2no OO (07° | 1 56 7. 2+0.6 
hour sustained loading at 36° C (97° F) 6 90 8 44.0.7 
6 | 56 9. 7+0. 6 
1 98 52 | 7.6+0.9 
1 65 § 18. 0-4-1. 5 
1 35 Hy 19. 04-0. ¥ 
6 98 5% 22, 241.3 
6 65 | 52} 24.8+1.6 
| 6 35 5% 27. 2+1.9 


Uniformly increasing load at 21° C (70° F) 





| 


its given are for 95-percent confidence. See references [6, 7, 8] 
(b) EFFECT OF HUMIDITY IN TESTS WITH UNIFORMLY INCREASING LOAD 


To study the effect of humidity on strength as determined by the 
increasing-load tests, frits 1 and 6 were tested in constant-temperature, 
constant-humidity rooms. The three rooms available for this pur- 
nose were held at 21° +0.5° C (70° +1° F), the relative humidities 
heing 35, 65, and 98 percent (in each case +2 percent), respectively. 
The specimens were stored in the rooms for not less than 20 hr before 
testing. ‘Table 1 includes a summary of the results of these tests, 
ihe trend of the data being shown graphically in figure 2. With 
both frits, the difference in strength, when tested at 35- and at 98-per- 
cent relative humidity, is definitely significant. Computations indi- 
cate about 97-percent confidence that the variation in strength with 
humidity is real for frit 1, and well over 99-percent confidence for 
frit 6. The strengths are, respectively, about 8 and 22 percent 
creater at 35- than at 98-percent relative humidity. 

The two curves in figure 2 show definitely the downward trend of 
modulus of rupture as the relative humidity is increased. These 
curves are drawn as straight lines merely to show the trend, as the 
lata do not necessarily establish a straight-line relationship. 


3. EFFECT OF IMMERSION IN DIFFERENT LIQUIDS ON MODULUS 
OF RUPTURE 


Since variations in atmospheric humidity affected the modulus of 
rupture, tests were made to determine the effect of immersion in 
various liquids, such as water, ethyl alcohol, and kerosene. For these 
tests, the increasing-load apparatus was modified slightly so that 
the specimens could be completely immersed in liquid during testing. 
In one experiment, specimens dried at 110° C were given a very thin 
moisture-repellent coating by dipping in molten paraffin before the 
test. 

The results of these experiments are given in table 2. For some 
tests not all of the desirable information concerning storage conditions 
isavailable. The information gained from these tests was considered 
adequate, however, for the purposes of this investigation. Frit 1, 


' For these data, Fisher’s “‘t test’? was used to determine the significance of differences (see refe + nce [f] 
This treatment of data is preferred by the authors but was not used for the sustained-load test, bec 
lata of that type are not susceptible of such treatment. 
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when dried over CaCl, and tested under kerosene containing sodium ¢, 
eliminate water (test 4), was about 30 percent stronger than whe 
tested under water after storage in open air (test 1). When tosto, 
in air and in alcohol after storage in open air (tests 2 and 3), th 
strengths were practically equal and were intermediate between tho: 
obtained under the first-mentioned conditions. This intermedig;, 
strength is significantly lower than that for dry specimens in kerogey, 
but not significantly higher than that for specimens tested under 
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PERCENT RELATIVE HUMIDITY 
Figure 2.--Graph showing trend towards increasing modulus of rupture with dr- 


creasing relative humidity for fibers of frit 6 and frit 1, when tested at 21° C (70 
F) under uniformly increasing load. 


water. Comparable conditions of storage and test for frit 6 (tests 4, 
6, 7, and 8) showed the same trend of results but more positively, the 
two intermediate values being significantly different from both 
extremes. 

The strength of the dried specimens of frit 6 under kerosene was 
about 49 percent greater than that of the specimens tested under 
water, as compared with 30 percent for frit 1. The strength of 
specimens of frit 6 tested in air at 65-percent relative humidity (test 6) 
was not significantly different from that of specimens stored at 
“room humidity” prior to testing under alcohol (test 7)* nor from 


4 Weather Bureau reports indicate that the atmospheric humidity at the time of the latter test was in Or 
near the 60- to 65-percent range. 
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‘hat of specimens stored in air at 60-percent relative humidity prior 
) testing in kerosene (test 9). Drying the specimens at 110° C 
93° F) prior to testing in kerosene (test 10) gave nearly the same 


esults as drying them over CaCl, (test 8). 


rapne 2.—Modulus of rupture of frits 1 and 6 when stored under various conditions 
and tested in different media and at different temperatures, under constantly 
i creasing load 


rrit | Tempera- | Num-|} 

ri , can , P | Surrounding me-| ture of sur- | ber of | Modulu: 
store 1s , s y . ae ee 8 | Mt) M 5 

torage conditions prior to testing dium during test} rounding | speci-| of rup- 

! | medium | mens] ture ® 


} | kg/mm? 
| Room temperature and humidity~-._-. Water... | 26! 79} 50 | 17.0-:1. 
| 65-percent relative humidity, room temp- | Air__.. | 5 18. 0-1. 5 
erature. | } 
1 | Room temperature and humidity........| Alcohol » 
Dried over CaCl for 36 hours at 26° C | Kerosene ¢ 
(79° F) 


| Room temperature and humidity........| Water 
65-percent relative humidity, room temp- | Air 
perature. | 
Room temperature and humidty-..- | Aleoho] » 
3 | Dried over CaCl, for 36 hours at 26° C | Kerosene ¢ 
(79° F). t 
| 60-percent relative humidity, room tem- | do.¢ 
perature. } 
| Dried at 110° C (230° F) for 48 hours... __}_....do.e...._____| 
Dried over CaCls for 36 hours at 26° C |__...do.e.._._____| 
(79° F). | 
} | Dried at 110° C (230° F). Dipped in | Paraffin coating 
| paraffin at 80° C (176° F). | | 





s Limits given are for 95-percent confidence. See references [7, 8]. 
» Absolute ethyl alcohol denatured with about 5-percent absolute methy). 
¢ Water-free kerosene containing metallic sodium. 


The strength of specimens dried at 110° C (230° IF) and dipped in 
molten paraffin (test 12) was significantly greater than that resulting 
from any Other treatment. ‘The paraffin film was about 0.01 mm 
thick. 


4, EFFECT OF TEMPERATURE ON MODULUS OF RUPTURE 


In order to establish standard testing conditions, it was desired to 
letermine the effect of temperature on the modulus of rupture of the 
init fibers. Since humidity influences the strength, it was necessary to 
cdiminate this variable. ‘This was done by breaking the fibers under 
water-free kerosene after the specimens had been previously dried 
by storage for 36 hr over CaCl. 

Tests 8 and 11, made at 27° C (81° F) and 62° C (144° F), respectively 
see table 2), show no significant difference in strength and indicate 
that temperature of itself does not appreciably influence the modulus 
of rupture of the frit fibers within the range of temperatures studied. 


5, VARIATION IN MODULUS OF RUPTURE WITH TYPE OF FRIT 


From the data presented in the previous sections, it is obvious that, 
‘o obtain reproducible results with modulus of rupture tests on fibers 
of enamel frit, it is essential to make the determinations under 
controlled humidity conditions. Inasmuch as determinations by the 
increasing-load tests could be carried out in about one-fourth of the 
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time required for the sustained-load tests, and with fewer specimey; 
for approximately the same percentage of error, this method was 
chosen for comparing the strengths of the frits. The data are gy. 
marized in table 3. 


TABLE 3.— Modulus of rupture and modulus of elasticity of enamel-frit fibers 





ae east ——$_—__ 





Modulus of rupture * | Modulus of elasticit; 
} 





Type of enamel | Number ileal Steen | ‘ 
| of speci- | “Taine e | of speci- | “<Verace 
mens mens | Value ¢ 





| 

kg/mm 

Soft ground coat wai 18.0 +1. 
11 | Hard ground coat : ans z | 20.1 +1. 

25 | Ordinary cover coat. -_.......--.----- SEE | 3 | 24.6 +1. 

35 | Superopaque cover coat_-_-...--.-..----------- al 23.2 +1. 
6 | Acid-resisting cover ccat ; Ae | 24.8 +1. 

65 | Leadless dry process ae 16.9 +1. 

85 | Lead-bearing dry process. --- a oa | 

Ta | Bene eee, Cee en ©... . en cee nose ee 2 





HEHE HEHEHE HEH 











» Wet process, except where otherwise stated. 
» Modulus-of-rupture values are for annealed specimens broken in air at 70° F and 60-percent relatiy 
humidity (65 percent for frits 1 and 6) by increasing-load test, after at least 20 hours of storage under t 
test conditions. 

e Limits given are for 95-percent confidence. See references 7 and 8. 

4 Because of peculiar consistency of high-lead cast-iron enamel, fibers were formed only with diff 
and were covered with surface imperfections. 


The data obtained at 21° C (70° F) and 60- to 65-percent relative 
humidity indicate that the three sheet-iron cover coats (6, 25, and 35 
were significantly stronger than both the sheet-iron ground coats 
(1 and 11) and the cast-iron enamels (65 and 85). The “hard” 
ground coat 11 was significantly stronger than the “soft” ground 
coat 1. No data were obtained on the high-lead cast-iron enamel 72, 
since no fibers satisfactory for this test could be drawn from the 
molten frit. 

6. DISCUSSION OF RESULTS 


The large difference in average modulus of rupture obtained with 
the sustained-load and with the increasing-load tests, indicated in 
table 1, could be caused in some degree by the greater moisture content 
of the air for the same relative humidity at the higher temperature 
used in the sustained-load tests. However, the large difference in 
apparent strength under the two conditions of test conforms with 
well-known experience on a number of other materials, and has been 
reported previously for enamel frits [5]. 

From the lower modulus-of-rupture values obtained in sustained 
loading, it may be concluded that vitreous enamel should withstand 
briefly applied stresses involving no plastic flow of the metal, better 
than it should withstand stresses of the same magnitude which are 
sustained over a considerable period of time. Delayed chipping may 
well be a manifestation of delayed fracture under constant stress. 
Assuming that a sustained tensile stress is introduced at some edge 
or corner of an enamel shape during processing or assembling, it 
conceivable that the ware might require several hours or even days 
to chip, depending on the magnitude of the stress. In a border-line 
case the chipping might not occur until a period of high atmospherc 
humidity prevailed. Likewise, in a border-line case, humidity might 
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determine whether a given briefly applied stress would cause failure 
yr not. 

"The fact that humidity has a significant effect on the modulus of 
rupture of enamel is not surprising in view of results obtained in 
some previous investigations of other ceramic products. A. C. 
Harrison [9], describing a falling-sand abrasion test for whiteware 
clazes, reported, in 1927, as follows: 

~ “Barly in the investigation unaccountable variations were noted in 
the resistance of the same glazes upon testing them on different days. 
Finally, a series of tests extending over a period of two weeks were 
made on the same brand of hotel chinaware. Contemporary records 
of atmospheric conditions showed the resistance of the glaze to be pro- 
portional to the percent relative humidity of the atmosphere * * *.” 

Milligan [10], in 1929, reported that scratched-glass bars that would 
sustain transverse loads for several days without failure in dry air 
would fail in from 1 to 30 hours under the same loads in air saturated 
with water vapor. Schurkow [11] worked with fused-quartz fila- 
ments from 2 to 10 microns in diameter and found that the tensile 
strength was on the order of 50 percent greater when tested in air dried 
with CaCl, than when tested in “room air.”’ He found no difference 
between the strength of fused-quartz filaments in “room air’’ and the 
strength under water. In the present study, however, the strength 
of enamel frit 6 was found to be almost 30 percent greater in air at 
65-percent relative humidity than when immersed in water (see tests 
5and 6, table 2). The strength in air at 98-percent relative humidity 
was intermediate (see table 1). Frit 1 was somewhat stronger in air 
at 65-percent relative humidity than it was in air at 98-percent rela- 
tive humidity, or in water, but the differences in this case were not 
statistically significant. 

Schurkow also found the strength of fused-quartz fibers which had 
been preheated in a vacuum, and which were tested in a vacuum, to 
be several times greater than the strength of similar fibers tested in 
“room air’ or in water. Some of his results were later confirmed by 
Reinkober [12]. 

The large decreases in strength noted by Griffith [13] on aged 
fibers of soda-lime-silica glass as compared with freshly drawn speci- 
mens might possibly have been caused by the effect of atmospheric 
moisture. 

Grebenchikov, who is quoted by Jurkov [14], explains the effect of 
humidity and also the effect of various liquids on the strength of sili- 
cate glasses by postulating the presence of a thin colloidal film (silica 
gel) on the surface of the specimen, which swells or contracts, depend- 
ing on the conditions to which the specimen is exposed. The film is 
assumed to be present also in surface cracks or discontinuities and to 
produce a concentration of stress at these points, which varies with 
the physical state of the gel. Thus, in the presence of an increased 
concentration of moisture, the gel would swell, causing an increase 
in the localized stresses at the flaw so that less externally applied force 
would be required to cause failure. When moved from a damp to a 
dry atmosphere, the gel would contract and relieve some of the 
localized stress, thus requiring more applied load to cause failure. 

Even though the silica gel postulated by Grebenchikov were not 
present, specimens immersed in water would tend to draw the water 
luto any cracks or surface flaws through capillary attraction. The 
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air entrapped in a flaw would be compressed by the advancing wate; 
and thereby increase the localized stresses. If such a mechanism is 
effective, it should operate for any liquid which wets the specimey, 

and its effect should be a function of the surface tension of the liquid 
The same mechanism might conceivably operate in the open air jj 
the amount of moisture absorbed in the flaws increased with increas. 

ing humidity. It is the authors’ opinion, however, that this explana. 

tion accounts, at most, for only a part of the observed phenomena, ii 
being particularly weak in explaining the atmospheric- humidity 

effects. 

Another possible explanation is that the water which is dissolved jy 
the glass [15] (or enamel), and which might be expected to vary iy 
concentration with the humidity of the atmosphere, actually reduces 
the strength of the material to an extent dependent upon the concen- 
tration of the dissolved water. For such changes in dissolved water 
to be effective, it would be sufficient if the moisture content changed 
in the surface layer only, since the maximum stress and the beginning 
of failure occur at the surface. 


IV. TORSION TESTS ON ENAMELED-IRON SPECIMENS 


Having found that variation in atmospheric humidity affects the 
modulus of rupture of enamel-frit fibers, it was desired to determine 
whether or not it also affects the resistance to chipping of enamel 
applied to metal specimens. For this purpose, the angular specimens 
previously described under section IJ were enameled and tested. 


1. METHOD OF TESTING 


The specimens were tested by inserting one end 1% in. (3.8 cm) 
into a fixed right-angle clamp, and the opposite end 1% in. into a 
free right-angle clamp having a horizontal lever arm with pointer 
attached. Load was applied at the end of the lever at a uniform 
rate to give an angular deflection of about 2° per min. The angle 
of twist ‘Tequired to cause the first chip at any point along the 4-in. 
(10 em) cover-coated apex of the specimen was observed.’ The 
thickness of the enamel immediately adjacent to the chip was meas- 
ured to +0.0002 in. (0.005 mm) with a Brenner magnetic thickness 
gage [16]. 


2. EFFECT OF HUMIDITY ON RESISTANCE TO CHIPPING BY 
TORSION 


Determinations were made at 70° F in atmospheres of 35- and 
98-percent relative humidity, after prior storage under the conditions 
of test for not less than 24 hr. Some of the specimens were dipped in 
molten paraffin immediately after firing and before completely cooling 
to room temperature. These were stored and tested at 98-percent 
relative humidity. 

Figure 3 shows the results obtained. Each point in this figure 
represents a different specimen. If comparisons are made at a thick- 
ness of 15 mils (0.38 mm), the angle required to cause chipping at 35- 
percent humidity is about 15 percent greater than at 98 percent. The 


’ This test was developed in connection with the work of Paul L. Smith for the Porcelain Enamel Insti: 


tute Research Associateship at the National Burean of Standards. 
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araffin treatment, which presumably kept the specimens dry even 
though the atmosphere was at 98-percent relative humidity when 
they were tested, increased the resistance about 30 percent. The 
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Figure 3.—Angle of twist required to cause chipping of enameled-iron specimens, 
plotted against thickness of enamel. 


The three curves are for tests made at 98-percent and at 35-percent relative humidity, respectively, on 
untreated — and on specimens given a moisture-repellent coating of paraffin before completely 
cooling after firing. 


three solid squares on the 35-percent humidity curve represent speci- 
mens stored 72 hr at 98-percent humidity and then returned to 35- 
ercent relative humidity, stored 24 hr, and tested. 

? ? 


3. DISCUSSION OF RESULTS 


It is evident that a decrease in humidity increases the chipping 
resistance of enameled-iron specimens in torsion, a result which is in 
agreement with the modulus-of-rupture tests on frit fibers. 

The data represented by the squares in figure 3 show that under 
the conditions of test the effect of varying humidity is reversible; that 
is, the lowering of strength at 98-percent relative humidity did not 
persist after the specimens were returned to an atmosphere of 35- 
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percent relative humidity. This reversibility is in accord with the 
findings of Milligan [10] and Anderegg [17] that glass weakened }y 
immersion in water regained its strength when dried. ; 

That the mechanism of capillary attraction discussed in connection 
with the tests on enamel fibers may, under some conditions, be quite 
important is suggested by the following qualitative experiment: 

The enameled-metal specimen is first twisted about 90° at room 
humidity, causing a permanent strain which is of sufficient magnitude 
to chip the enamel considerably. In several hours the continued 
chipping off of the small fragments will have practically stopped, 
However, when the same specimen is subsequently placed in a pan of 
water, additional chipping will immediately set in, and within 15 min 
the specimen may show as much as 50 percent more chipping than had 
taken place during several hours in the open air. 

Since numerous crevices undoubtedly exist in the enamel after the 
specimen is chipped by twisting, but prior to immersion, and since 
the effect of immersion is very rapid, the mechanism of capillary 
attraction may be of importance under the conditions of this exper- 
ment. Even so, its action might merely supplement that of the gel 
film postulated by Grebenchikov or of the dissolved water mentioned 
by the authors as a possible contributory explanation of the effect of 
moisture on the strength of enamels and similar materials. 


V. MODULUS OF ELASTICITY TESTS 
1. METHOD OF TESTING AND TREATMENT OF DATA 


Modulus of elasticity was determined by a method similar to that 
used in a previous study [5]. The specimens were measured with a 
dial micrometer to the nearest 0.005 mm. A small flag consisting of 
a gummed label was fixed to one end of each specimen for identification 
purposes and also to indicate the least diameter in specimens of slightly 
elliptical cross section. Ten readings, evenly spaced along the axis 
of the specimen, were averaged for the minimum diameter and another 
10 were taken at right angles thereto for the maximum diameter. 
No specimens were used with maximum deviations from the average 
greater than 0.045mm. During a test a micrometer microscope, which 
could be read to 0.005. mm, was mounted to focus on the midspan of 
the enamel fiber. The fiber rested on fixed knife-edges separated by 
a span of 91.23 mm. A small aluminum pan, giving a tare of 5 g, 
was suspended by a fine wire from the midpoint of the span. The 
load, either 5 or 10 g, depending on the diameter of the specimen, was 
applied by placing calibrated weights on the pan. By rotating the 
specimen through an angle of 90° after each deflection reading, four 
measurements were obtained for each fiber, and the average of the four 
was used for computing the modulus. 

The data were treated statistically by the procedure used in the 
increasing-load tests for strength. 


2. EFFECT OF HUMIDITY ON MODULUS OF ELASTICITY 


Several tests were made to determine the effect of humidity on the 
modulus of elasticity of enamel-frit fibers. Frits 1 and 65 were 
chosen for study, and determinations were made at 22° C (72° F) m 
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atmospheres at 98- and 50-percent relative humidities, respectively. 
The data showed no change in Young’s modulus, and therefore 
jymidity was not controlled for the tests reported in table 3. 


3, VARIATION IN YOUNG’S MODULUS WITH TYPE OF FRIT 


Table 3 includes a summary of the data obtained on the eight 

tits. ‘Tests for differences in the averages showed Young’s modulus 
f the “soft”? ground-coat frit 1 to be significantly lower than that 
for the “hard” ground-coat frit 11. Cover coats 25, 35, and 65 had 
lower moduli than the acid-resisting cover-coat frit 6. The lead- 
bearing enamels, frits 85 and 72, have lower moduli than the other 
types, that of the high-lead composition (frit 72) being lowest. 
’ Figure 4 is a frequency histogram prepared from the data on frit 11. 
4 total of 78 specimens of this frit were tested to establish whether or 
not the determined values were approximately normally distributed. 
Visual examination of figure 4 suggests an approximately normal dis- 
tribution, and calculated skewness is only +0.10 [7]. 
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FigurRE 4.—Frequency histogram showing distribution of 78 modulus-of-elasticity 
determinations with ground-coat frit 11. 





4. DISCUSSION OF RESULTS 


The average moduli in table 3 are of about the same order of 
magnitude as those reported previously by Harrison, Shelton, and 
Wadleigh [5], and are about 8 percent higher on the average than the 
results given by Stong [18] for a special bulb-glass composition. The 
values approximating 4,000 kg/mm? reported by Anderegg [17] for 
glass fibers are in fair agreement with those reported by Reinkober 
[12]. However, subsequent results by Jurkov [14], using more precise 
methods of measuring deflections, did not agree with Reinkober’s 
data. The average modulus given by Jurkov is 8,000 kg/mm’. The 
results of Fetterolf and Parmelee [19] are considerably lower, approxi- 
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mating 5,000 to 6,000 kg/mm?. Their results, however, were obtaine, 
on rods of much larger cross section loaded as cantilevers. 


VI. CONCLUSIONS 


The modulus of rupture of enamel-frit fibers increased wi, 
decreasing atmospheric humidity. The maximum change obser, 
was in the sustained-load test, in which a “soft’’ sheet-iron ground-coa: 
frit (1) was 53 percent stronger at 56- -percent relative humidit, 
than at 90 percent, the temperature being 36° C (97° F). Under th 
same conditions an acid-resisting sheet-iron frit (6) was 15 percent 
stronger at the lower humidity. 

2. In the increasing-load test the gains in strength of these frits 
were 8 and 22 percent, respectively, when the re lative humidity y 
—_ ased from 98 to 35 percent at 21° C (70° F). 

The modulus of rupture of enamel-frit fibers was substantially 
i when they were dried over CaCl, and immersed in water-fre; 
kerosene than when they were immersed in water, the acid-resisting 
frit (6) showing a 49-percent increase and the round coat (1) a 
30-percent increase. Tests of immersed specimens were made by the 
increasing-load method only. 

4, Specimens stored in air at about 60- to 65-percent relative 
humidity and tested while immersed in alcohol, and similarly stored 
specimens tested in air, had about equal strength, which was inter- 
mediate between the strengths for the two conditions described in the 
— conclusion. 

. Specimens dried over CaCl, and immersed in kerosene did not 
“9? significantly in strength when the temperature was raised from 
27° C (81° F) to 62° C (144° F). 

6. The moduli of rupture of frit fibers of the sheet-iron cover coats 
were significantly greater than those of both the sheet-iron ground 
coats and the cast-iron frits when tested by the increasing-load test as 
used in this investigation. The leadless cast-iron enamel frit (65 
was significantly weaker than any of the other compositions tested. 

7. The modulus of elasticity of two frits (1 and 65) was not sig- 
nificantly affected by changes in atmospheric humidity. 

8. The acid-resisting sheet-iron cover coat (6) and the “hard” 
sheet-iron ground-coat frit (11) under the test conditions used in 
this investigation, had the highest Young’s modulus, approximately 
8,400 kg/mm?. The other sheet-iron cover coats and the leadless 
cast-iron enamel gave average moduli of about 8,000 kg/mm?, while the 
lead-bearing cast-iron enamels were significantly lower, the high-lead 
composition being lowest. 

9. When applied to 20-gage metal, the resistance of an acid- 
resisting enamel (6) to chipping in torsion increased about 15 percent 
with a decrease in relative humidity from 98 to 35 percent. A thin 
paraffin coating over the enamel surface, applied before the specimens 
were quite cool after firing, increased the resistance of these specimens 
to chipping in torsion by about 30 percent, even though the surround- 
ing air was at 98-percent relative humidity. 
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SATURATION - OF GASES BY LABORATORY WET TEST 
METERS 


By Francis A. Smith and John H. Eiseman 


ABSTRACT 


A laboratory wet test meter registering %o cubic foot per revolution has been 
tidied by the National Bureau of Standards, at the request of a committee of 
tho American Society for Testing Materials, to determine: (a) how nearly the 
ss passing through the meter becomes saturated with water from the meter, 
}) the error in the indicated volume resulting from a lack of complete saturation 
t different rates of flow, and (c) the error in the indicated volume resulting from 
failure to level the meter. 

Saturation of dry air was found to be over 98 percent complete at all practica- 
ble rates of flow. The directly observed error in the indicated volume was found 
to be less than 0.2 percent. Errors resulting from failure to level the meter were 
found to be less than 0.1 percent, provided the quantity of water in the meter 
was the same as at calibration. 


CONTENTS 
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. Error resulting from incomplete saturation 
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I. INTRODUCTION 


In January 1937, at the request of the American Society for Testing 

Materials (Committee D-3 on Gaseous Fuels, Subcommittee IT on 
feasurement of Gaseous Samples), the National Bureau of Stand- 

ads undertook to determine (a) how nearly the gas passing through 
2 laboratory wet test meter becomes saturated with water from the 
meter, (6) to what extent the volume indicated by such a meter might 
be in error as a result of failure to saturate the gas completely. at 

different rates of flow, and (c) to what extent the volume indicated 
night be in error as a Tesult of failure to level the meter when moved 
after proving. 

The method chosen for (a) necessitated a sensitive means of deter- 
mining water vapor in air which is nearly saturated. A gas interfer- 
ometer was chosen for the purpose, preliminary tests having indicated 
that it would permit the determination of the water vapor to approx- 
imately +0.05 percent. 

The methods chosen for (6) and (c) involved the observation of dif- 
ferences in the indications of the meter. Consequently, the accuracy 
of the results reported is dependent not on an accurate calibration of 
the meters but only on their ability to give consistent results when 
the tests were repeated under identical conditions. 


345 
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The two meters used were calorimeter meters each of which jn¢, 
cated 0.1 cu ft per revolution. These meters were adjusted and cal. 
brated by the Gas Measuring Instruments Section by comparisy, 
with a 5-cu ft oil-sealed meter prover before the beginning of the tes; 
at rates of flow ranging from 1.4 to 11.4 cu ft per hour. The rano, 
used in the tests was 0.7 to 12.4 cu ft. per hour, " 


II. DEGREE OF SATURATION OF GAS IN A WET TEs; 
METER 


The equipment used in this determination is shown diagrammat. 
cally in figure 1. 
Air from the laboratory compressed-air line entered through cock 4 








¥ 


a Xx 
2 UN 


FicurE 1.—Diagram of apparatus used to test completeness of saturation of ait 
passing through a wet test meter. 


opened fully, and passed through cocks B and C in parallel. B alone 
gave the desired low rate. B and C together gave the desired high 
rate. Alternate changes from one to the other were then accon- 
plished without readjustment by completely opening or closing cock ¢. 
The air then passed through a tower of calcium chloride (D) for pre 
liminary drying and then through two tubes of dehydrated alumina 
gel (EZ and F), which reduced the water vapor in the effluent air to 
less than 0.01 percent. ae 

From this point (cock U being closed) the dried air was divided, 
part passing through cock G and part through cock H. Cock H was 
set to give an arbitrary small flow (as indicated by flowmeter 1 
through tube J, of the gas interferometer, through cock K, througi 
tube J, of the interferometer, and out through the flowmeter. Cock 
H was then closed, isolating in the two tubes of the interferometer é 
sample of dried air at atmospheric pressure. The reading of the inter 
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‘orometer scale under a typical set of conditions was 418.0, which 
corresponded to 0 percent of water vapor in tube J;, as compared with 
‘hat in tube J; as a standard for reference. 

Cock K was then closed, which isolated the standard of reference 
tube J; All the dried air then passed through cock G to saturator 
\f. where most of the water was added, and thence to saturator N, 
here equilibrium was established. N was immersed in a tall bath 
of water, O, whose temperature was measured by thermometer ¢,. In 
both \f and N the air bubbled into distilled water through a sintered 
Jess frit at the end of the bubbling tube, which produced a large 
umber of very small bubbles and insured complete saturation. The 
temperature of the water was determined at the level of the frit by 
thermometer ty. The top of the bottle was filled with glass wool to 
catch the droplets thrown by the bursting bubbles; and the tempera- 
‘ure of the moist glass wool was determined by a third thermometer, 
+ which temperature was taken as the temperature of saturation. 

Krom this point the moist air passed a manometer, P, through 
cock Q and out through cock R. After equilibrium had been estab- 
lished, & portion was passed through cock U and through tube J, 
of the interferometer. When J, had been thoroughly purged with 
‘he moist air, cock U was again closed and K opened to bring J; and 
|, to the same, as well as to atmospheric, pressure. The reading of 
the interferometer scale was 345.0, which corresponded to complete 
aturation under the conditions observed in the saturator. 

The barometric pressure (765.7 mm) plus the pressure indicated 
by manometer P (8.9 mm) gave the total pressure (774.6 mm) of 
the mixture of air and water vapor leaving the saturator. The 
temperature of the saturator bath was 22.0° C, of the saturator water 
21.9° C, and of the glass wool 22.0° C. The latter was taken as the 
temperature of saturation; and, since the temperature of the room 
was 24.9° C, no loss of water from the air through condensation could 
occur. The partial pressure of water vapor at 22.0° C is 19.84 mm, 
which is 2.56 percent of the total pressure at saturation. 

The interferometer-scale reading of 345.0 thus corresponded to 
2.56 percent of water vapor, and the above steps have sufficed to 
determine two points on a curve constituting an empirical calibration 
of the interferometer. Figure 2 shows the two points on the inter- 
ferometer calibration curve, indicated by circles, with a straight line 
drawn through them. 

Cocks G and Q were then reversed, which sent the dried air through 
the wet test meter S. Cock R was adjusted to make the pressure on 
meter manometer V approximately equal to that indicated by P 
when the air was passed through the saturator. This made the 
pressure of saturation approximately the same in both cases, and, 
after determining the rate of flow by timing the meter, the same rate 
could be assumed without significant error for the flow through the 
saturator. 

After equilibrium had again been established, a portion of the 
fow was again diverted through tube J, of the interferometer by 
opening U, and the temperatures of the water and air in the meter 
were read on thermometers J, and 7,. After closing U and opening 
K, the interferometer scale was read as before. 

In the present illustrative case, the barometric pressure (765.5 mm) 
plus the meter pressure (8.9 mm) gave a total pressure of 774.4 mm. 
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The temperature of the air in the meter was 23.8° C, of the wate 
23.0° C, and of the room 24.7° C. The temperature of the wate 
was taken as the temperature of the unknown degree of saturation 
The partial pressure of water vapor at 23.0° C is 21.09 mm, which 
was 2.72 percent of the total pressure. However, the interferometo, 
scale read 342.2. This scale reading, on the interferometer calibro. 
tion in figure 2, corresponded to 2.70 percent of water vapor, as ind}. 
cated by the cross. 

This indicated that only 2.70 percent of water actually was in the 
air from the wet test meter, while 2.72 percent would have bee, 
present had the air been completely saturated. Thus, on passing 
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FiguRE 2.—Calibration of gas interferometer. 


through the wet test meter, saturation of the dried air was 2.70/2.72= 
99.4 percent complete at a rate of flow of 12.4 cu ft per hour. 

The procedure described above was repeated alternately at high 
and low rates of flow, with the results shown in table 1. 


TABLE 1.—Eztent of saturation of dried air at high and low rates of flow 





Complete- 
Rate of flow (cu ft per hr) ness of 
saturation 





Percent 
99 


97.2 
97.9 
98.7 
99. 4 
97.3 
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The completeness of saturation at the high rates of flow averaged 
98.9 percent, whereas at the low rates of flow the average was 97.7. 
This was unexpected, and investigation disclosed the fact that, at 
low rates of flow, only the tip of the bulb of the water thermometer 
in the meter projected below the surface of the water. At high rates 
of flow the water level rose and about half of the bulb was immersed. 
These circumstances account for the observations of lower water- 
thermometer readings at high rates of flow than at low rates and 
indicate that all the thermometer readings of water temperature were 
probably slightly high. Because the thermometers were enclosed, 
bulb and all, in metal shields, it was impossible to alter their position 
with respect to the water. The regular thermometer was then 
replaced by a laboratory thermometer inserted through a rubber 
stopper far enough to immerse the bulb completely at all times, and 
this was used in the tests reported in section III. An estimated 
correction was applied to the thermometer readings observed at the 
low rates, with the result that the computed completeness of satura- 
tion was raised to a few tenths over 100 percent. 

It is concluded that the completeness of saturation of dry air is at 
least 98 percent at any practicable rate of flow. Since the water 
vapor involved will usually amount to less than 3 percent of the total 
indicated volume, the error, as a result of incompleteness of saturation, 
will be less than 0.06 percent of the volume indicated by the meter, 
provided the degree of saturation at the moment the measured volume 
of gas is sealed off in the rotating measuring chamber is equal to the 
degree of saturation when the gas finally leaves the meter. However, 
the measured gas has considerable opportunity to become more nearly 
saturated within the meter after it has been sealed off, and it seemed 
necessary, for this reason, to make a further test by comparing the 
relative volumes indicated by the meter when supplied with dry and 
with saturated air. 


III. ERROR RESULTING FROM INCOMPLETE SATURATION 


The conclusion from the tests described in section II was checked 
by direct observation of the volumes indicated by the meter, in the 
following manner. The two meters used in this investigation were 
connected as indicated in the diagram in figure 3. 

Air from the laboratory compressed-air line entered through cock 
A, had its flow controlled by B and C, and was dried in D, E, and F, 
as described in section II. Cocks G and Q were turned to pass the 
dried air through saturators M and N, indicated in figure 3 and 
described in section II. The air from the saturator passed through 
meter 7’, on which the variations were observed, and then through 
meter S, which was used as a standard for comparison. 

Air was passed through the apparatus (with cock C open to give 
high rate of flow) until temperature equilibrium had been established, 
when the flow was stopped by closing A. The reading of each meter 
was observed, the flow started and continued until meter S had made 
five revolutions, when the flow was again stopped and the meters 
read. Observations of temperature and pressure of both meters were 
made while the gas was flowing. Cock C was then closed to give a 
low rate of flow and the procedure repeated. 
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Then with cock C open, cocks G and Q were turned to pass the drie, 
air directly into meter 7, and the steps described in the above pars. 
graph repeated. This gave four sets of readings, two at a high rate 
of flow, one with the air entering meter 7 wet and the other with j; 
dry, and two similar ones at a low rate of flow. All the observe, 
volumes were placed on a comparable basis by correcting each to the 
arbitrary standard condition of 760 mm and 25.0° C. This represents 
approximately the average of the temperatures and pressures existing 
during the tests. The observed temperatures were all within 1° ( 
and the pressures within 2 mm of these conditions. In addition, the 
corrected volumes passing meter 7’ have been multiplied by the factor 
required to bring the corrected volume passing meter S to 0.5000 eu ft. 


Figure 3.—Diagram of apparatus used to detect variations in indication of a wet 
test meter when supplied with saturated as compared with dried atr. 


The essential data from four series of observations made as described 
are shown in table 2. This procedure was repeated three times and 
comparisons made between the “‘wet”’ and “‘dry” indications of meter 
T at both high and low rates of flow. A summary of the results is 
presented in table 3. 


TaBLE 2.—Data illustrating the method used in computing the results obtained by 
comparing the indicated volume of saturated air with the volume indicated when dry 
air entered the meter 


[It will be noted that the volume of air passed by meter S corrected to 25° C and 760 mm (shown in line 4 
is not 0.5000 cu ft. The corrected volume passing meter 7' (line 6) has therefore been multiplied by the 
factor required to bring the volumes of line 4 to 0.5000 and the result entered in line 7] 





10. 46 q 1.20 

WwW 4 Dry 
Volume indicated by meter S (cu ft) 0. 5000 , 5 0. 5003 
Volume indicated by meter S corrected to 25° C, 760 mm.-_.}| .5016 é ‘ . 4997 
Volume indicated by meter T' (cu ft) . 4882 . 4876 ‘ 5 . 4885 
Volume indicated by meter 7 corrected to 25° C, 760 mm___| .4908 48 : . 4877 
Volume of meter T’ equivalent to 0.5000 cuft through meter S_| . aaa . } . 488 . 4880 


Difference between wet and dry (cu ft) 0009 
Difference (percent) saa 18 
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spip 3.—Summary of results showing direct effect of incomplete saturation on the 
volume indicated by a one-tenth cubic foot wet test meter 


r 

| 
Condition | | 
of sir | Difference in : : 
: r Arg : )ifference It 
Rate of flow} entering indication ! ra 00 ; j 
| meter (wet—dry) j 

| 


Z | 


{ 
| cu ft Percent 
|} 0.0009 | 0.18 


cu ft/hr 
10. 94 
10. 67 
0. 81 
1, 21 


10. 67 
10. 46 


|} —.0007 
0008 
.0000 
.0006 








. 0009 
. 0008 





.0012 
. 0008 


- 0008 








Average for high rate of flow-__--- 
Average for low rate of flow__- 


It will be noted that in 9 of the 10 comparisons the meter under 
test indicated a greater volume with wet air than with dry air, with 
a maximum difference of 0.24 percent. The negative difference 
seems to indicate the possibility of a random error of the order of 0.3 
percent superposed on a smaller effect caused by lack of saturation. 
The consistency of the positive differences, especially those associated 
with the higher rates of flow, indicates a real effect of the order of 
0.15 percent which might be attributed to lack of saturation. The 
one negative difference is associated with a low rate of flow, under 
which conditions the relative indications of the two meters had pre- 
viously been found to differ by as much as 0.5 percent from their 
relative indications at higher rates of flow. The data of this report 
do not permit a determination of the cause of this behavior, but it 
undoubtedly will result in much larger errors than those caused by 
lack of saturation of the gas with water vapor. 

In spite of the variability of the differences associated with low 
rates of flow, there is little to indicate that there is any real difference 
which is attributable to rate of flow in the effect of saturation on the 
indication of the meter. 


IV. EFFECT OF TILTING A METER ON THE INDICATION 
OF GAS VOLUME 


In these tests the arrangement of apparatus was the same as that 
described in section [iI. The drying equipment was dispensed with 
and all the air entering the meter to be tested passed through the 
saturator. The meter to be tilted was fitted with a plumb line, and 
a scale was mounted horizontally 500 mm below the point of support 
ofthe plumb line. The angle of tilt could readily be determined from 
the deflection of the plumb line on the scale. 
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In all these tests the deflection was 6.5 mm, making the tanger; 
of the angle 6.5/500 = 0.0130, which corresponds to an angle of 0°45 
This angle resulted when the meter was tilted sufficiently to move the 
bubble in the spirit level on the meter through one half its le ength 
The tilt was easily noticeable and probably represents even wor 
than careless use of a meter with respect to leveling. 

The tests were arranged in a sequence in w hich three -eries of 
observations were made with the meter level, three with the mete 
tilted but without any readjustment of water level, three with the 
tilt unchanged but with the water level adjusted to the mark in the 
gage, and finally, three with the meter again level and with the water 
restored to its original position in the gage. The rate of flow was kept 
approximately in midrange between the extremes previously used 
that is, between 5.5 and 6.5 cu ft per hour. The meter was tilted 
both clockwise and counterclockwise about the axis of the druy 
keeping it level from front to back, and both forward and backward 
while keeping it level from side to ‘side. For brevi ty, only the data 
from the clockwise and forward tilts are presented here. The dat 
have been treated in the manner indicated in table 4. 


TABLE 4.—Data illustrating the method of computing results of tests of the effect of 


anetied 0°45’ on the indication of a one-tenth cubic foot wet test meter 


Meter T tilted clockwis: 
no adjustment of water 
level 


Meter T' level 





Volume indicated by meter S (cu ft) | 0. 5000 | | 0. 5000 | | 0. 5000 ° 0. 5000 i# 0. 5000 | 0, 500 
Volume indicated by meter S corrected to 25 °C, | | me 
5052 | . 505 
Volume indicated by meter 7' (cu ft) | | 4905 | . 4908 
Volume indicated by meter T corrected to 25°C, 


760 mm 


| 
| .5057 | .5055 | .5052 
| 4907 | "4910 | 14910 


| } 
- 4968 | | .4971 | Bonnd 4961 | | . 4959 


Volume indicated by meter T equivalent to 0.5000 | 
cu ft through meter S 4 -4912 .4917 .4915 .4910 .491 





Averages . 4915 . 4912 





Difference, level minus tilted (no adjustment 
of water) 0. 0003 
. 06 





TaBLE 5.—Summary of results of tilting tests 





y 
Aver- | | Aver- 
ages of ages of 
runs Difference Difference || runs Difference 
(clock- 1—2 4-3 (for- 1-2 
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tilt) i 
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0. 4915 





| 0.0003 eu ft; | 
| 2. Tilted (no adjust- | .4912 | 0.06%. 
| ment of water). 





| 

| 3. Tilted (adjustment 
“of water). 
| 











4. Level (original water 
adjustment). 
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Table 5 presents a summary of the results obtained in the ‘‘clock- 
wise’ and “forward” tilting tests. From these results, it appears 
shat a relatively large and easily noticeable departure from level intro- 
duced no consistent or significant error in the indication oi the meter 
rested, as long as the correct volume of water, determined at the 
ime of calibration, was maintained in the meter. The differences 

between the volumes shown in lines 1 and 2 of the table are very 
small, and probably are not much larger than the reproducibility 

af the tests. On the other hand, after the proper volume of water 
had been determined by calibration and its position marked in the 
ove, setting the water “level to the mark, when the meter was not 
sceurately lev eled, involved changing the quantity of water in the 
meter by 50 ml in the case of the clockwise tilt and by 13 ml in the 
vase of the forward tilt. The corresponding errors introduced were 

(.66 and 0.28 percent, respectively. Tilts in the counterclockwise 
and backward directions resulted in errors equal in magnitude and 
apposite in sign to those shown. ‘Tilting in the clockwise direction 

may introduce an error in the reading of the water temperature by 

ifting the thermometer entirely out of the water, if its depth of im- 

nersion is as slight as that mentioned in section Il. 


V. DISCUSSION OF RESULTS 


The direct determination of the completeness of saturation of the 
air leaving the wet test meter, when translated into terms of error in 
the volume indicated, showed that the meter indicated a maximum 
volume about 0.06 percent less than would have been the case had 
the gas been saturated. In most cases the gas being measured prob- 
ably will not enter the meter completely dried as in this case, and the 
error, if any, would be correspondingly smaller. 

The direct observation of the difference of the volume registered 
when wet air entered the meter, as compared with dry air, indicated 
the maximum error to be about 0.15 percent. While this is two and 
one-half times the error arrived at by the other method, the two are 
of the same order of magnitude and, when considered together, give 
i better idea of the behavior of the meter under these conditions than 
would the result of either method alone. 

The tests of the effect of tilting the meter on the volume indicated 
chow that when the meter has been once calibrated while accurately 
evel, it is apparently not subject to appreciable error because of any 
halure to level it which is not obvious, provided the weight of water 
in the meter is the same as at the time of calibration. However, if the 
amount of water in the meter is judged by filling to a gage mark, 
accurate leveling is essential. 

In general, the tests described herein show that errors in the indi- 
cation of small wet test meters arising from incomplete saturation of 
the gas, or from inaccurate leveling, are small. They are probably 
uegligible as compared with larger errors arising from other causes 
such as calibrating a meter at one rate of flow and assuming that the 
calibration is the same at any other rate. 

These conclusions result from tests made on a single meter of the 
type and size used with manual calorimeters. They do not neces- 
sarily apply to meters of other types or sizes. 


Wasuineton, April 18, 1939. 
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ABSTRACT 


In 1931 the first chairman of the Inter-Society Color Council, E. N. Gathercoal, 
proposed on behalf of the United States Pharmacopoeial Revision Committee 
the problem of devising a system of color designations for drugs and chemicals. 
He said, ‘‘A means of designating colors in the United States Pharmacopoeia, in 
he National Formulary, and in general pharmaceutical literature is desired; such 
esienation to be sufficiently standardized as to be acceptable and usable by 
sience, sufficiently broad to be appreciated and used by science, art, and indus- 
try, and sufficiently commonplace to be understood, at least in a general way, by 
ie whole publiec.’”?’ With the assistance of the American Pharmaceutical Asso- 
ation, and following plans outlined in 1933 by the Inter-Society Color Council, 
there has been worked out a solution for this problem, which substantially fulfills 
the requirements laid down by Dr. Gathercoal. 
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I. HISTORY 


The problem was referred by the Inter-Society Color Council to jt; 
Committee on Measurement and Specification which, under the chair. 
manship of I. H. Godlove, presented several reports surveying availabe 
methods of color designation. The 1933 annual report of this commit, 
included the outline of a recommended system of color designations 
These recommendations were approved by the Council and have bee; 
followed by the authors, who have developed this system of colo; 
designations, have set the color boundaries, and have worked 0; 
methods of applying the system to drugs and chemicals in yarjoy; 
forms. The Inter-Society Color Council in 1939 formally approved 
by letter ballot and recommended to the United States Pharma. 
copoeial Convention the method now to be described. 

Member bodies of the Council whose voting delegates have approved 
this method of designating the colors of drugs and chemicals are: 

American Association of Textile Chemists and Colorists. 

American Ceramic Society. 

American Psychological Association. 

American Society for Testing Materials. 

Illuminating Engineering Society. 

National Formulary, American Pharmaceutical Association. 

Optical Society of America. 

Technical Association of the Pulp and Paper Industry. 

United States Pharmacopoeial Convention. 


II. SCOPE 


The recommended color designations apply to powdered drugs and 
chemicals and to whole crude drugs viewed in daylight. The Council 
is now engaged in a study of the general applicability of these designa- 
tions to colors of opaque, nonmetallic surfaces with a view to official } 
adoption for all such surfaces. 

The recommended system does not give suitable color designations 
in its present form for liquids and solids viewed by transmitted light. 
An extension of the system to cover such samples has been undertaken 
by the Council. (See also section VIII, 3.) 


III. LOGIC OF THE DESIGNATIONS 


The designation for all but very grayish colors consists of a hue 
name (red, green, blue, purple, etc.) preceded by appropriate modi- 
fiers (such as weak, moderate, strong, light, and dark). 'The designa- 
tion for very grayish colors consists of a noun (white, gray, or black), 
with modifiers appropriate to the lightness and hue of the colors 
(such as dark reddish gray or yellowish white). 


1. SURFACE-COLOR SOLID 


The relationships between the names can best be understood by # 
consideration of the psychological color solid. The dimensions of this 
solid are hue, lightness, and saturation (see fig. 1); the color of any 


4A majority of the voting delegates representing the individual members of the Council also approved. 
Textile Color Card Association of the United States (not voting). 
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matte, opaque surface in daylight is represented by some point in it; 
yence it is often called the surface-color solid. Lightness starts at 
ero for black, represented at the bottom of the figure, and is measured 
hy distance from the base plane, being a maximum for white repre- 

sented at the top of the figure. Hue is represented by angle about 

e black-white axis, giving the closed series red, yellow, green, blue, 
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FigurE 1.—Dimensions of the surface-color solid. 


purple, red, with their intermediates. Saturation is represented by 
distance from the black-white axis, being zero for black, white and the 
intermediate grays, and increasing toward the boundary of the sur- 
face-color solid on which would be represented the most vivid colors 

producible from surfaces [1].5 

Colors of one hue are therefore represented in the solid by points 

falling in a single one of the vertical planes intersecting at the black- 
white axis. Colors of one lightness are represented by points in any 
one horizontal plane; and colors of one saturation are represented by 
points in any one of the series of right circular cylinders concentric 
about the black-white axis. 


‘Figures in brackets indicate the literature references at the end of this paper. 
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2. BASIC PLAN OF FORMING THE DESIGNATIONS 


The hue name of the color designation is intended to indicate , 
range of hue angle in the color solid, and other words in the designy. 
tion are to indicate ranges of lightness and saturation for this hy, 
range. The system of modifiers is indicated in figure 2. Deviatio,; 


VERY 
BRILLIANT 
(VERY LIGHT, 
STRONG) 


VERY PALE 
(VERY LIGHT, 








BRILLIANT 
(LIGHT, 
STRONG) 


LIGHTNESS (MUNSELL VALUE} 





MODERATE | STRONG 





DEEP 
(DARK , 
STRONG) 





VERY DUSKY VERY DEEP 
(VERY DARK, (VERY DARK, 
WEAK) STRONG) 














SATURATION (STRENGTH, MUNSELL CHROMA ) 


Ficure 2.—System of modtfiers. 


The color designation, except for very grayish pone consists of a hue name combined with one of thes 
modifiers. 


from the moderate range in lightness are indicated by the terms, 
light and dark; deviations in saturation by the terms weak, strong, ant 
vivid; and deviations in both lightness and saturation by the terms 
pale, deep, dusky, and brilliant. The whole color designation, hue 
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aame and modifiers, therefore, defines a block of the surface-color 
<olid bounded by vertical planes of constant hue, horizontal planes 
of constant lightness, and cylindrical sufaces of constant saturation. 
| The surface-color solid is divided into 314 such blocks, with 5 cylin- 
drical blocks for black, grays, and white, making 319 blocks in all. 


3. DIVISIONS OF THE HUE CIRCLE 


| The 1933 recommendations by Dr. Godlove included a 20-point 

division of the hue circle for colors of moderate saturation, a 10-point 
division for weak colors and a 5-point division for very weak colors. 
By adhering to the principle of this recommendation it has been 
possible to make each color designation refer more nearly to the same- 
sized color range than would otherwise have been possible. Devia- 
tions from the 1933 recommendations have been introduced to make 
the color designations accord more closely with present usage, particu- 
larly usage in the United States Pharmacopoeia and National Formu- 
lary. Most of these deviations arise from our introduction of the 
color terms pink, brown, and olive, and our change to a more restricted 
color range for orange. 


4. PINK, ORANGE, BROWN, AND OLIVE 


Unlike the terms green and blue, which are hue names applying to 
all lightnesses and saturations, the term yellow is commonly used to 
designate not only a certain hue range, but also a high-lightness 
range within this hue range. Dark colors of the same hue as yellow 
are commonly called olive or olive brown. Common usage limits the 
term orange even more strictly; it is taken to refer not simply to a 
range of yellow-red hues but also to a medium-lightness range and a 
high-saturation range. Colors of the same hue but of lower lightness 
and saturation than the orange range are called browns or reddish 
browns. 

To follow common usage in this respect, there is included a series 
of hue names applicable to dark colors only, as follows: reddish brown, 
brown, yellowish brown, olive brown, olive, and olive green. As a further 
concession to common usage, there is also included the following 
series of hue names applicable to very light colors only: purplish pink, 
pink, and orange pink. The chief series of hue names to which these 
two subsidiary series have been fitted follows closely the 20-point 
division recommended by Dr. Godlove; the chief series includes the 
names red, reddish orange, orange, yellowish orange, yellow, greenish 
yellow, yellow green, yellowish green, green, bluish green, blue green, 
greenish blue, blue, purplish blue, bluish purple, purple, reddish purple, 
red purple, and purplish red. 


5. SOME UNAVOIDABLE DISADVANTAGES 


A frequent objection to this system of color designations is that 
each designation refers to a group of distinguishable colors rather than 
toasingle color. Since there are about ten million surface-colors dis- 
tnguishable in daylight by the trained human eye and only 319 color 
designations in this system, it is obvious that the average color range 
denoted by a single designation must contain about 30,000 distinguish- 

168819—39———3 
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able colors. If it is important to make distinctions among some oj 
these thousands of colors bearing by this system identical design. 
tions, resort must be had to one of the many numerical systems o; 
color specification available. Preeminent among these is the color. 
metric coordinate system recommended in 1931 by the Internation) 
Commission on Illumination [2]. 

A corollary to this objection is that there are many pairs of easily 
distinguishable colors which receive by this system the same designs. 
tion, while there are also many pairs that can scarcely be distinguishe, 
which receive different designations. This property is, of course, ay 
unavoidable result of dividing the color solid into an arbitrary number 
of blocks, one for each of the 319 designations. Analogous disadvan. 
tages result from identifying the time of events according to date; two 
events occurring on the same date may be separated by many hours, 
but on the other hand two scarcely separable midnight events may 
have to be assigned different dates. Just as identifying the time of gy 
event by giving the date has proved to be useful, so it is anticipated 
that a system of color designations such as this will find many uses 


IV. DEFINITION OF THE COLOR RANGES 


The adjustment of the boundaries defining the 319 color ranges has 
been carried out by the committees of the Inter-Society Color Council 
with reference to the color standards of the Munsell Book of Color {3}. 
These standards are arranged according to Munsell hue, Munsell 
value, and Munsell chroma, which are intended to be practical evalus- 
tions of the surface-color attributes: hue, lightness, and saturation, 
respectively. That is, all Munsell standards bearing the same Munsell 
hue notation are intended to have colors of the same hue; likewise, 
Munsell value is intended to indicate, and does closely, the lightness 
of the color; and Munsell chroma corresponds well with saturation. 
For the present, therefore, the definition of the color ranges is given 
in terms of Munsell hue, value, and chroma. (See the 34 name charts 
which form the major part of this paper.) 

Ultimately, it will be desirable to supplement this practical defini- 
tion of the color designations by giving the equivalent definition in 
terms of the 1931 colorimetric coordinate system [2], which does not 
depend upon the integrity of material standards of color. Any 
smali uncertainty in the boundaries arising from disagreement among 
the various sets of Munsell color standards, or from their imperma- 
nence, will be resolved through spectrophotometric specifications, 
already partially available, of two sets of master standards deposited 
at the National Bureau of Standards in 1935 by the Munsell Color 
Co. A set of smoothed interpolation curves based upon spectro- 
photometric measurements of a set of Munsell standards by J. J. 
Glenn and J. T. Killian in A. C. Hardy’s laboratory at the Massachu- 
setts Institute of Technology already permits a fairly reliable transfer 
from Munsell notation to ICI specification to be made. These 
interpolation curves are available through Dorothy Nickerson, 
color technologist, Agricultural Marketing Service, Washington, D. (. 
The Maerz and Paul Dictionary of Color [4] was used to test the 
suitability of many of the boundaries, and because of its large number 
(7,056) of colors, well distributed throughout the surface-color solid, 
it forms the basis for a very satisfactory possible definition of the 
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boundaries for practical use. The determination of the color names 
| of only a few of this large number of samples has so far been com- 


pleted. 


vy. HUE BOUNDARIES FOR VARIOUS RANGES OF MUNSELL 
VALUE AND CHROMA 


Although the systematically arranged and graded standards of the 
\funsell Book of Color have proved to be invaluable aids in the 
choice of color-designation boundaries to accord with common usage, 
it has been found that best agreement with such usage is obtained by 
deviating in many cases from constant Munsell hue. One deviation 
from constant Munsell chroma has also been made (SY to 8Y, inclu- 
sive, change from 1.5 to 2.0 chroma). These deviations are shown 
on charts 35 and 36 which consist of the hue boundaries for various 
chroma ranges. Chart 35 refers to dark and medium colors; chart 
36, to all light colors having hue boundaries different from the corre- 
sponding dark and medium colors. The hues are indicated by 
abbreviations such as pR for purplish red, R for red, rO for reddish 
range, r-Br for reddish brown, Ol-Br for olive brown, p-Pk for pur- 
plish pink, O-Pk for orange pink, and soon. Munsell hue is indicated 
on the 100-point scale on the outer circle. These charts show at a 
clance for all Munsell chromas what ranges of Munsell hue are referred 
to by the various hue names of this system; this information is of 
course also obtainable from the name charts (1 to 34), themselves, 
but less conveniently. The central circle marked N for neutral 
refers to Munseil chromas less than 0.5. The 6-point division on 
chart 35 refers to the chroma range (with the exception noted above) 
0.5 to 1.5, and yields color designations involving the hue adjectives, 
reddish, brownish, olive, greenish, bluish, and purplish, such as reddish 
gray and reddish black. ‘The 5-point division on chart 36 similarly 
refers to color designations involving the hue adjectives, pinkish, 
yellowish, greenish, bluish, and purplish. The 10-point division on 
chart 35 refers to the chroma range 1.5 to 3.0 and involves the hue 
names: red, brown, olive brown, olive green, green, blue green, blue, pur- 
plish blue, purple, and red purple. The similar ring on chart 36 has 
\1 divisions: pink, orange pink, orange, yellow, yellow green, green, 
blue green, blue, purplish blue, purple, and purplish pink. The 19- 
point division on chart 35 refers to chromas greater than 3.0, and it 
will be noted that within the two chroma ranges, 3.0 to 5.0, and greater 
than 5.0, the hue boundaries for simplicity are kept at constant 
Munsell hue. As mentioned above, however, it has been found possi- 
ble to increase agreement of these color designations with common 
usage by adopting in 5 out of 19 cases a different hue boundary for 
the chroma range 3.0 to 5.0 than is used for the chroma range 5.0 up. 
Many of the hue boundaries for the inner rings are also shifted in a 
corresponding way for the same reason. 


VI. COLOR DESIGNATIONS FOR OPAQUE POWDERS 
1. PREPARATION OF SAMPLE 


The sample is placed slightly heaped up in a clean aluminum holder 
ut least 2mm deep. Over it is placed an optical-glass cover of 1 mm 
thickness, which is pressed down with a rotary motion, and two small 
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rubber bands are snapped across underneath the sample holder }p. 
tween the opposite hooks on the back of the cover glass; see figure 3 


2. LIGHTING AND VIEWING CONDITIONS 


The illumination to be used in the color-comparison work is daylig}); 
A table placed by a window so that light reaches the table top from the 
operator’s left or right chiefly from the sky and chiefly at an angle o{ 
45° from the horizontal is recommended. <A north window is bes; 
because no special precautions are usually required to eliminate direc; 
sunlight, but windows facing in any direction may be used if equipped 
with suitable diffusing curtains. A canopy of black cloth (preferab); 
black velvet) should be hung above the sample on the side opposite tlic 
operator in such a position as to be imaged in the mirror surfaces of th 
cover glass; such an arrangement eliminates errors from unwanted 
admixture of light reflected only from the cover glass. The sample 
and standard placed on the table top are viewed nearly perpendicular 
to the surfaces, that is, just enough off the perpendicular to ayoid 
having the operator’s face mirrored in the cover glass. Uluminatio; 
ut 45° and perpendicular viewing are recommended by the Internationa! 
Commission on Illumination [2]. A skylight or source of artificial 
daylight located above the sample may also be used, but in such a case 
the angle of view should be approximately at 45° from the horizontal, 
and the black cloth should be hung vertically beside the sample op- 
posite the observer. Perpendicular illumination with viewing at 45° 
gives results equivalent to the recommended ICI method. 

It is important that the illumination of sample and working standar! 
be closely the same both in amount and quality; otherwise different 
Munsell notations will be found by interchanging them. Even witl 
illumination of good uniformity it 1s best practice to make this inter- 
change as a check during the comparison. , 

In any computations involving the spectral energy distribution o! 
the illuminant, that of standard illuminant C recommended by the 
International Commission on Illumination [2] as representative o! 
average daylight is to be used. 


3. PROCEDURE 


Select the two adjacent Munsell constant-hue charts between which 
the hue of the sample falls. Place these on each side of the sample and 
cover each with a small gray shield, or if using the large triple-aper- 
ture shield (shown in fig. 4), place them under the holes in the side 
flaps and the sample under the central rectangular opening. The 
Munsell hue, value, and chroma notations for a sample are found by 
interpolation among the standards of the Munsell charts; most oper- 
ators prefer to interpolate first for value, then chroma, and finally hue. 
For detailed suggestions on this interpolation consult the Munsell 
Book of Color, Standard edition [3]. 

Once the Munsell notation is found for the sample, select the color- 
name chart referring to the hue of the sample (see Munsell hue desiz- 
nations near upper right-hand corner of each name chart). Plot the 
value and chroma of the sample on this chart, noting that chroma from 
0 up to 1.5 has, for convenience, been plotted to a more open scale 
than the remainder (see vertical double line dividing the two scales 
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Pre paration of an opaque-powde r sample for com parison with 
Munsell color standards. 


on the under side of the cover glass, which is attached thereby to the 
means of rubber bands. 
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Ficurr 4.—Triple-aperture shield. 


nple aperture in center, apertures for Munsell color standards on each side. The abridged edition of 


he Munsell Book of Color is also shown, together with two sample holders, one assembled, the other 
taken apart. 
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Figure 5.—Comparison of whole crude drugs with the Munsell color standards. 


The crude drug shown is a leaf and is held by the tweezers a few inches above the color standards 
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on each name chart). Record the name of the block in which this point 
falls as the color designation of the sample. If, however, the point 
' falls on a value or chroma boundary, or if the hue notation falls exactly 
between successive charts yielding different color names, the names of 
all of the blocks touching the point apply to the sample. 


4. AN EXAMPLE 


Suppose that the hue of the sample falls between the YR (YR) and 
the YR-Y (10YR) charts, and that its value falls between 7 and 8 
value, but nearer 7, and is estimated as 7.2. Suppose, further, that its 
chroma is found to be closer to 4 than to 6 and is estimated as 4.5. 
Now compare the sample with the two Munsell 7/4 standards. Sup- 
pose that its hue is seen to be nearer to that of the YR-Y chart than 
the YR chart, say 4/5 of the hue difference between the charts or four 
hue steps from the YR and one from the YR-Y chart. Now inter- 
change the positions of the charts and check the Munsell notation. 
| [f these are found to be unchanged, the final notation is 9YR 7.2/4.5. 
Now look through the name charts until the one for 9YR is found 
chart 8, see hue designation near upper right-hand corner). Plot 7.2 
value and 4.5 chroma on this chart. It falls in the block named 
weak orange; so the color designation of the sample is a weak orange. 


VII. COLOR DESIGNATIONS FOR WHOLE CRUDE DRUGS 
1. COMPARISON WITH MUNSELL COLOR STANDARDS 


Hold the sample in the fingers, or in tweezers if the sample is small, 
a short distance above the chart or charts and move it about for com- 
parison with the Munsell color standards. Care should be taken not 
to cast a shadow on the standard with which the sample is being 
compared; on this account the larger samples should be held higher 
above the charts than the small (see fig. 5). The time required for the 
comparison, and consequent soil and wear on the standards, will be 
saved if the charts are arranged in hue sequence on the table top so 
that each chart covers the 8- and 10-chroma columns on the preceding 
chart. 

2. LIGHTING AND VIEWING CONDITIONS 


The samples are to be illuminated at 45° by daylight (see section VI, 
2), and viewed along the perpendicular to the surface. Since the 
samples are held above the plane of the color standards, it is important 
that the illumination on the two horizontal planes be the same in 
amount and quality. Care should be taken to hold the surface of the 
sample as nearly in the horizontal plane as possible; errors in Munsell 
value by as much as a whole step are possible through inadvertent 
tilting of the sample surface. If a source of artificial daylight is used 
giving a diffused even illumination over a large area from above, or if 
the comparison is made out of doors by diffuse light from a large part 
of the sky, the angle at which the sample is held with respect to the 
light source is less critical. 

_ For minimizing the troubles due to uneven illumination on samples 
(such as roots) having approximately cylindrical surfaces, it is recom- 
mended that the axis of the cylinder be held horizontal and pointed in 
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the direction of the light source so that neither side of the sample js 
shaded. 

For samples having glossy surfaces the use of a black canopy or cur- 
tain will be required as described in section VI, 2 


3. WAYS OF USING THE COLOR, DESIGNATIONS 


The color of a crude drug may be designated either by giving the 
name of the average color found in the lot, if the range of color is small, 
or by giving the color names corresponding to the maximum range of 
color. This range may be of hue, lightness, or saturation, or a combi- 
nation of two or all of these. Departures from such a range will 
frequently be an indication of deterioration or impurity. Color ranges 
involving chiefly variations in lightness and saturation can often be 
conveniently indicated by the unmodified hue name, such as orange, by 
which would be meant the color range covered by the designations, 
brilliant orange, vivid orange, strong orange, moderate orange, weal: 
orange, light orange, pale orange, dark orange, and deep orange (see 
charts 4 to 6). 


VIII. COLOR DESIGNATIONS FOR ANY OBJECT 


The main purpose of this paper is to provide information required 
for obtaining color designations of powdered crude drugs, whole 
crude drugs, and chemicals of small particle size. To this end, 
specific instructions have been given in sections VI and VII. A 
secondary purpose, however, is to facilitate study of the suitabilit 
of these color designations to any object. Detailed procedures ap- 
plicable to this wider use of the system have yet to be formulated; 
but some general instructions can be given. 


1. FOR OPAQUE NONMETALLIC MATERIALS 


(a) WITH MATTE SURFACES 


Proceed as in section VI or VII. The recommended angles of il- 
lumination and viewing need not be strictly followed, because the 
appearance of a matte surface does not change importantly with 
small variations in these angular conditions. 


(b) WITH GLOSSY SURFACES HAVING NO REGULAR DETAILED STRUCTURE 


Samples of vitreous enamel and smooth paint films are often 
found with glossy surfaces having no regular detailed structure. 
Proceed as in section VI and VII, giving particular attention to the 
prescribed angles of illumination and viewing. The characteristic 
color of the sample i is obtained only when specularly reflected light is 
prevented from reaching the eye of the observer. 


(c) WITH GLOSSY SURFACES MADE UP OF CYLINDRICAL ELEMENTS 


Samples of satin-finish textiles and glossy brush-marked paint films 
may be considered as made up of cylindrical elements. Proceed as 
in section VII, 2 for cylindrical surfaces. It is not always possible to 

revent light from being specularly reflected from such glossy surfaces 
into the eye of the observer; but by so orienting the sample in its own 
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jane that the specular component is reduced to a minimum, the most 
characteristic color of the sample is usually obtained. Particular 
attention is being devoted to choice of angular conditions of illuminat- 
ing and viewing ‘the satin-finish and ribbed-finish standards issued by 
the Textile C ‘olor Card Association of the United St: ites with a view 
+o obtaining designations for the characteristic colors of these stand- 
ards. Some textiles require more than one angle of view or ijlumina- 
tion to bring out the characteristic color or colors; changeable silks 
are extreme ‘examples of such textiles. 


2. FOR METALLIC SURFACES 


The characteristic color of a metallic surface is obtained from the 
specularly reflected light. Proceed, therefore, as in section VI or VII, 
but obtain, in addition, the hue name for the specularly reflected light. 
These two names may possibly yield a useful designation of the color 
of the metallic surface, but they will not correspond well with common 
sage Which involves color terms that apply characteristically to 
metallic appearance (silver, brass, gold, copper, and so on). 


3. FOR MATERIALS WHICH TRANSMIT BUT DO NOT SCATTER 
LIGHT 


Samples of liquids, glass and gelatins are often encountered 
which transmit but do not scatter light. The transmitted light, of 
course, yields the characteristic color of such materials, but the color 
designations of the present system are not all applicable to such 

materials; for example, white is a color designation applying charac - 
teristic ally to materials which do scatter light. The Council has 
undertaken an extension of the present system of color designations 
to colors of materials viewed by transmitted light. It is planned to 
compare the appearance of a white surface illuminated by daylight 
and viewed through a prescribed thickness of the material with the 
appearance of the Munsell standards similarly illuminated but viewed 
directly. About 25 of the 319 designations will have to be changed; 
for example, white will have to be supplanted by some such term as 
colorless or clear. Similarly, pinkish white would have to be changed 
to some term like light pinkish (color); and light gray, perhaps, to 
light smoky (or to light smoke if the noun form is desired). In this 
way it is hoped that a system in fair accord with common usage will 
result, but the color terms (amber, claret and so on) characteristic of 
materials viewed by transmitted light will not be a part of the system. 


4. FOR TRANSLUCENT MATERIALS 


Translucent materials both transmit some light and scatter some. 
The characteristic color for some of such materials is obtained by 
reflected light, and for others by transmitted light; if in doubt, g& 

] 


D TH. 


IX. SUMMARY 


A method of designating the colors of powdered drugs and chemi- 
cals and crude whole drugs has been described; this method has, fur- 
thermore, been devised with the thought of its ‘applicability to colors 
of opaque, nonmetallic surfaces generally. Suggestions for its ex- 
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tension to the color designations of Say ha eee and translucent media 
have also been given. This method is dedicated to ev eryone who has 


found it difficult to make his color descriptions intelligible, in the hop 
that it will eventually be elaborated into a successful system of colo, 
designation for the general use of science, art, and industry. 


[3 


xX. REFERENCES 


D. MacAdam. The theory of the maximum visual efficiency of colored materia] 


J. Opt. Soc. Am. 25, 249 (1935); Mazimum visual efficiency of colore: 


materials 26, 361 (1935). 
Proceedings of the Eighth Session, Commission Internationale de l’Eclairg 
Cambridge, Eng., p. 19-29 (September 1931). 


D. B. Judd, The 1931 ICI standard observer and coordinate system for colorin. 


etry, J. Opt. Soc. Am. 23, 359 (1933). 


A. C. Hardy, Handbook of Colorimetry (Technology Press, Cambridge, Mass 


1936). 


Munsell Book of Color, Standard and abridged editions (Hoffman Bros. 
Baltimore, Md., 1939). Available also through the Munsell Color Co., | 


East Franklin Street, Baltimore, Md. 


[4] A. Maerz and M. Rea Paul, A Dictionary of Color (McGraw-Hill Book ( 


Ine., New York, N. Y., 1930). 


WasHineTon, July 14, 1939. 





HOW TO USE THE COLOR NAME CHARTS 1 TO 34° 


| Given: Munsell notation of the sample. 

Required: The color designation. 

First, turn to the particular name chart referring most closely to the 
Munsell hue notation of the sample (see numbers at top of chart); 
or, if the hue is equally close to two successive charts, use them both. 

\cond, find the point on the chart defined by the Munsell value and 
Munsell chroma of the sample; or, if two charts are to be used, 
plot the point on both of them. Note that the chroma scale is 
expanded for chromas less than 1.5; see vertical double line on 
each chart. 


(hird, read the color designation of the block within which the point 
falls. If the point falls on a boundary between blocks, read color 
designations of all blocks touching the point. If, when two charts 
are to be used, the second chart yields a different designation from 
the first, read them both. 


* Acknowledgment is made to Miss Dorothy Nickerson, individual member of the Inter-Society Color 
incil, for suggesting the present simple form of these name charts. 
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DROPPING TESTS FOR MEASURING THE THICKNESS OF 
ZINC AND CADMIUM COATINGS ON STEEL 


By Abner Brenner 


ABSTRACT 


fhe dropping test was reinvestigated because of reported difficulties with the 
dy point. Improvements were made in the apparatus, which permitted a more 
stant rate of dropping of the reagent. For comparison, some thickness tests 
ere also made by the jet, magnetic, and microscopic methods. The ammonium 
itrate dropping-test reagent did not give a satisfactory end point with zinc- 
mercury coatings and did not dissolve different types of bright cadmium coatings 
et the same rate. A chromic acid reagent, containing 200 g/liter of chromic acid 
and 50 g/liter of sulfuric acid, overcame these difficulties and had the additional 
advantage that only one reagent was required for testing different types of zinc 
and cadmium coatings. On commercial specimens, this reagent gave an average 
error of +12 percent and maximum errors of about +20 percent. The jet method 
nd the microscopic method are not very satisfactory for measuring the thickness 
of zine and cadmium coatings. The magnetic method usually yields errors less 
than +15 percent, and appears satisfactory except for thin coatings on rough 
basis metals. 
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I. INTRODUCTION 


The increasing adoption of specifications for the minimum thick. 
ness of plated coatings has stimulated interest in rapid methods for 
determining thickness. The microscopic method, which is standard 
has the disadvantage of requiring expensive equipment and consider. 
able time and does not alw ays give satisfactory results on zinc anq 

cadmium coatings. Often the testing of a larger number of speci- 
mens by a more “rapid method would give more ‘accurate information 
about an entire shipment than testing more accurately a relatively 
few specimens, The Preece test, in spite of its admitted shortcomings, 
has been used extensively ee determining the {minimum thickness, of 
zine coatings. The dropping test, developed to replace the less 
accurate Preece test, has been incorporated in a number of commercial 
and Federal specifications. 

The dropping test consists in dropping a corrosive solution onto q 
zinc or cadmium coating until the latter is penetrated. The thicknes; 
of coating is obtained by multiplying the number of seconds required 
for penetration by a factor previously determined for that reagent 
and coating. The test was devised by S. G. Clarke,' who used a 
solution of iodine in potassium iodide. It was modified | by Hull and 
Strausser,? who substituted acidified ammonium nitrate solutions for 
the iodine. The test was rapidly adopted by industry, because the 
apparatus could be cheaply constructed from ordinary laboratory 
equipment, and the test could be performed by operators lacking 
extensive laboratory experience. 

Experience with the method in general use showed that the end 
points were unsatisfactory for some commercial materials, especially 
those with coatings deposited on rough basis metals. Hull ‘attempted 
to improve ‘the end ‘point by adding potassium ferricyanide to the 
reagent. When the coating was penetrated, enough iron was dis- 
solved to produce a blue color with the potassium ferricyanide. 

Because of the reported difficulties with the end point it was decided 
to study critically the dropping tests: 

To improve the end point, if necessary by the use of a different 
reagent. 

2. To determine whether the method of deposition of a zinc or 
cadmium coating affected its rate of solution in the reagent. 

To determine the accuracy of the test, especially when applied 
to vce materials. 

The use of another solution, containing 200 g/liter of chromic 
acid and 50 g/liter of concentrated sulfuric acid, was investigated. 
This solution has some advantages over ammonium nitrate solutions, 
as regards end point and accuracy. Both the ammonium nitrate and 
the chromic acid reagents were used in the following studies. 

For comparison with the dropping tests, some measurements were 
made by the microscopic method, the jet* method, and the mag- 
netic’ method. The latter two methods were developed more 
recently than the dropping test. 


iJ. Electrodepositors’ Tech. Soc. 8, Paper No. 11 (May a5 

1 Monthly Rev. Am. Electroplaters’ Soc. 22, 9 (March 1935); J. Research NBS 16, 209 (1936) RP867. 
3 Unpublished communications. 

4S. G. Clarke, J. Electrodepositors’ Tech. Soc. 12, 1 and 157 (1936-37). 

4A. Brenner, J. Research NBS 20, 357 (1938) RP1081. 





] 
the 


Dropping Tests for Zine and Cadmium 


II. TEST METHODS 
1. STRIPPING METHODS 


The average thickness of zinc or cadmium was determined by dis- 
solving the coating from a measured area with a solution consisting 
of 20 g of antimony trioxide dissolved in 1 liter of concentrated 
hydrochloric acid. This reagent does not appreciably attack the steel 
basis metal. The average thickness of coating was calculated from 
the weight per unit area and the density. In general, the thickness 
given by the stripping method was taken as the standard with which 
the other results were compared. In a few cases, microscopic measure- 
ments were also made at points adjacent to those tested by other 
methods. 

The hot-dipped and sherardized zine coatings contain a small 
amount of iron which is dissolved by the stripping and dropping 
reagents and hence is included in the thickness of the coating. No 
attempt was made to determine the amount of iron in the coating. 

The stripping method gives average thickness, whereas the other 
methods to be described give the local thickness of the coating at the 
points tested. To compare them with the stripping method, it is 
necessary that the coatings examined have a fairly uniform thickness, 
or that enough measurements of local thickness be made to get an 
average value. 

2. DROPPING TESTS 


(a) APPARATUS AND PROCEDURE 


The dropping test 1s performed by dropping the reagent at a definite 


rate, that 1s, 100 drops per minute, onto the surface, which is inclined 
at an angle of about 45° to the horizontal. The time required for the 
end point to appear is measured with a stop watch. The room 
temperature should be noted, as the rate of solution of the coating 
usually varies with temperature. 

The original apparatus of Clarke consisted of a separatory funnel 
and two stopeocks, one of which was used to adjust the rate of drop- 
ping and the other to turn the flow of liquid on and off. It is difficult 
to regulate the rate of flow by a stopcock, and, after the stopcock is 
adjusted, the small orifice frequently clogs. In the modified ap- 
paratus (see fig. 1) this difficulty is overcome by using a capillary 
tube, B, for securing the required rate of dropping. One stopcock is 
provided for starting the flow. A capillary tube with a bore of 
approximately 0.025 in. (0.63 mm) and a length of 5.5 in. (14 em) is 
satisfactory. Between the capillary and the stopcock of the funnel 
there is from 3 to 5 in. (7.5 to 12.5 em) of wide-bore tubing, to increase 
the head of liquid, so that the proper rate of flow is obtained. 
The capillary is connected to the stem of the separatory funnel by 
rubber tubing, in which a space of about 0.5 in. (13 mm) is left, so that 
the rubber tubing can be compressed when it is desired to force air 
bubbles or foreign matter from the glass tubes. The chromic acid 
reagent slowly attacks rubber tubing, and the connections must 
de replaced occasionally. The stopcock is lubricated with petroleum 
jelly, which is not attacked by chromic acid. 

The volume of the drops used in these tests was about 0.05 ml. To 
obtain drops of this size, the end of the capillary was tapered for 
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about 0.5 in. (1 em) to a tip which had an outside diameter of abo); 
0.14 in. (3.3 mm). The glass tube, A, inside the funnel serves ;, 
maintain a constant head of liquid. By moving this tube up ,, 
down, small adjustments can be made in the rate of dropping. They, 
was no difficulty in keeping the rate of dropping at 100+3 drops p, 
minute. a 
When tests were made with ammonium nitrate reagents, the tip of 
the capillary was placed about 0.4 in. (1 cm) above the surface of th 
specimen. With the chromic acid reagent, the distance was increas 
to about 0.8 in. (2.0 em), because at the shorter distance a drop wou! 
occasionally bounce off the metal without spreading. A variation o 
20 percent in these distances did not appreciably affect the accurac 
of the test. 
The apparatus shown in figure 1 has a pivoted rod, C, which ex 
be turned down to gage the distance from the capillary tip to ¢ 
metal and then swung up out of the way. The test specimen wa 
inclined at 45° to the horizontal. Although the angle is not critie,! 
(a variation of +15° produces an error of +10 percent), it should no: 
vary too much from 45° if satisfactory results are desired. The spent 
solution should drain freely from the specimen. When tests are mad 
near an edge, it is advisable to place a strip of cloth on the edge to ac: 
as a wick for drawing off the spent solution. The specimens shoul, 
be solvent-degreased, then scrubbed with magnesium oxide past; 
rinsed, and dried. The specimen and apparatus must be rigidly fix 
during the test, so that successive drops strike the same spot. 


(b) END POINTS 


The end point of the test is the exposure of the basis metal, whic; 
usually offers enough contrast of color to be readily distinguished 
from the surrounding area of etched coating. The exposure of smooth 
basis metal occurs rather suddenly, and the area rapidly increases as 
more reagent is added. On rough basis metal, especially on cas! 
iron, the end point is not sharp, and the basis metal may be revealed 
through a few minute areas before the general breakdown. In sue! 
case, the end point was taken when small areas of basis metal had 
appeared over a total area about \ in. (3 mm) in diameter, although 
these areas of bare iron were irregularly distributed and were inter- 
mingled with areas of incompletely dissolved coating. The test 
would have to be run about 10 to 20 percent longer to produce : 
continuous area of bare metal. 


(c) DETERMINATION OF THICKNESS FACTORS 


The compositions of the dropping test reagents and their ‘thickness 
factors” are given in table 1. The thickness factors for each reagent 
were determined by dividing the known thickness of coating (in 
hundred-thousandths of an inch) by the number of seconds required 
for penetration. The thickness of any zinc or cadmium coating, 1! 
hundred-thousandths of an inch, is obtained by multiplying the 
number of seconds required for penetration by the appropriate factor. 
Hull and Strausser attempted to prepare reagents of such concentra- 
tions that the factors would be unity, that is, each second of test 
would correspond to 0.00001 in. (0.00025 mm) of coating. However, 
as the rates of attack of several of the solutions have considerable 
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FiGureE 1.- Dropping-test apparatus. 


tube for maintaining a constant head of liquid; B, capillary tube; and C, « 
the distance between the capillary tip and the specimen 
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temperature coefficients, the unity factor applies to only one tempera- 

ve. In the work here reported no attempt was made to devise 
plutions with a factor of unity at any given temperature. Instead 
convenient solutions were used and factors were determined for the 
yistomary temperature range. 


TABLE 1.—-Composition and thickness factors of test solutions 


Composition of reagent rhickness fac- 
tors (hundred 
thousandth 

of an inch per 


Oxidizing agent Acid second) 


Coating to be tested 


ml/liter Normality 


Formula (g/liter Formul: 
= : ormula | (eonc.)| in reagent 


ml 
Electroplated zine NH«NOs; 5; 
Hot-dipped zinc NHiNO 
Sherardized zine NH NO 
Electroplated cadmium NHiNO 
Electroplated zine Cro 
Hot-dipped zinc Cro 
Sherardized zine CrO3 


Electroplated cadmium Cros 200 | HoesO, aU 3 
Electroplated zinc NHiNOs 70 | HCl 70 0. 07 


Solutions Ng, Nw, and Nea were developed by Hull and Strausser. Solution Ng was d 
?, Schlecht of this laboratory. Solution J was recommended by Clarke for the jet test 
Normal acid. — 
erage of the thickness factors of the chromic acid reagent for zine ¢ 


The factors in table 1 were determined at 70° F (21° C) and 95° F 
5° C), and the factors for intermediate temperatures were obtained 
by linear interpolation between the two points (fig. 2). The factors 
ire not necessarily linear functions of temperature, but the accuracy 
{the test is not sufficient to determine the shape of the curve over 
this short range. 

The factors for electrodeposited zine and cadmium, tables 2. and 
are average values obtained partly by testing flat specimens which 
had been plated from typical solutions at the National Bureau of 
Standards under conditions giving coatings of known and uniform 
thickness. In addition, dropping tests were made on some coatings 
plated by several commercial firms on smooth steel, using proprietary 
night plating baths as well as the ordinary acid and evanide baths. 

Kach value in tables 2 and 3 is the average of three or more dropping 
tests, Which had a reproducibility of about +6 percent. 

From table 1 it may be seen that the average factor for zine for the 
Vz solution (previously recommended) is close to unity and has only 
a small temperature coefficient, which confirms the work of Hull and 
‘trausser. Table 2 shows that the average deviation of the factor 
irom the mean for different electroplated zine coatings was +-6 percent 





392 Journal of Research of the National Bureau of Standards 


and that the maximum deviation was +13 percent. These deviation; 
are within the limits of accuracy given by Hull and Strausser for ¢}, 
test. With the chromic acid reagent the factors for the differey; 
zinc coatings showed less variation than with the ammonium nitrg;, 
reagent. 
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Ficure 2.—Thickness factors for the CrO; dropping-test reagents. 
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TABLE 2.— Thickness factors for zinc coatings 


Thickness factors | » Percentage oi 


Plating bath nena 


in. | 
Acid 0.0005 }0.95 
do.. -| .0010 | .97 
do . 0005 | .96 
do . 0009 }1. 03 
do : . 0003 |0. 87 | 
do Tae .| .0012 | .97 | 
Cyanide strike+acid -| . OO0E . 92 | 
do : : 0011 | .91 |- 
id -| .0005 | .98 | 0.96 
0010 | . 96 
j 


0. 96 


| 1 


0. 0007 
0010 

. 0004 

. 0012 

} , 0002 
_-| .0005 
. 0010 


—3 


1 


| 
—————————— nen 


Cyanide, bright 7 _| 0.0005 0.95 
do . 0010 H . 96 

. 0007 {1.08 

.0013 j1. 12 


ntage 


| 








General average ; Peer: -|1.03(+6%)| 0.97(+2%)/1. 19(+1%)| +549 
{ ' 


since the factor varies little with temperature, most of the tests were made at only on 
Based on stripping test. 
nsatisfactory end point. 
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TABLE 3.— Thickness factors for the dropping test on electroplated cadmiun 
coalings 


(wo? 
(04 
DOLU 


viation from general average 


Average 
Percentage of deviation from general average 


002 
wood 
QUOT 


A verage 92 (43%) | “ £1% 1.29 (41%)! 


Percentage of deviation from general average 


General average 0.95 (415%) 1.33 (42%) | 1.30 (411°) 
| | 


Table 3 contains the data for four commercial cadmium coatings 
on which are based the factors in table 1. The Nea reagent dissolved 
the cadmium coatings at decidedly different rates. Because of this 
difference, this reagent cannot be safely used for the general testing 
of cadmium coatings, although it might be used for lent control of 
one type of coating. The appreciable temperature variation of the 
factor for the Nea reagent (over 1 percent per degree Fahrenheit) was 
not previously reported. The chromic acid reagent gave about the 
same factor with all four coatings and the temperature coefficient o! 
the factor is about 1 percent per degree Fahrenheit. 

The factors in table 1 for hot-dipped and sherardized coatings were 
obtained by testing commercial coatings. The results will be dis- 
cussed in more detail in a later section. The chromic acid reagent has 
the same factor (0.98 at 70° F) within a few percent for electroplated, 
hot-dipped, and sherardized zinc, and hence only one factor need be 
used. 
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3. JET TEST 


The jet test differs from the dropping test in that the reagent strikes 
ie surface in a continuous stream instead of in drops. The ‘dime nsions 
{the jet tube and the head of liquid must meet certain specifications, 
; defined by Clarke. The apparatus, procedure, and thickness 
actors used in these tests were in accordance with Clarke’s recom- 


dations. 
4. MAGNETIC THICKNESS MEASUREMENTS 


The thickness of coatings was measured also by a magnetic method, 
hich can be used for any nonmagnetic coating on steel. The 
ethod depends on the decrease in the attractive force between a 
ermanent magnet and the steel basis metal whe ‘n the two are sepa- 
ited by a coating. The instrument, called a “Magne-gage,”’ is cali- 
vated With standard samples having a nel thickness of coating 
lated on stee al. 


5. TESTING COMMERCIAL ARTICLES 


The commercial articles to which the various tests were applied 
sisted mainly of electrical accessories, such as conduit boxes, 
tility boxes, and condulets, which were donated by a number of 
rms. The basis metals consisted of mild sheet steel, malleable iron, 
ind gray east iron, all of the surfaces of which were usually rough. 
(he coatings included electroplated, hot-dipped, and sherardized zine, 
ind electroplated cadmium. These articles are re presentative of 
mmercial products which might be subjected to a dropping test. 
The accuracy of the dropping tests on commercial materials was 
letermined by comparison with the antimony trichloride stripping 
method, which was taken as the standard. The specimens for the 
tripping test usually had an area of 6 to 20 em? (1 to 3 in.*) and were 
cut from the center of the sample, where the coating was more likely 
to be of uniform thickness than near an edge. The test piece was 
veighed, one side protected with a ‘“‘stop-off”’ lacquer, and the other 
ide tested with the Magne-gage and then with two to four dropping 
tests. The remainder of the coating was dissolved in the antimony 
trichloride reagent, the lacquer removed, and the loss in weight 
determined. From the loss in weight, the average thickness was 
calculated and compared with the results of the other tests. The 
thickness of the coating did not appreciably affect the accuracy of the 
lropping test, provided that the coating was at least several ten- 
thousandths of an inch thick. On thinner coatings the accuracy was 
ess, beeause each second of error in time produced a relatively large 
percentage of error in thickness. 


III. RESULTS OF TESTS 


1. ZINC COATINGS 


(a) ELECTROPLATED 


) Dropping tests.—The results of tests on commercial zine-plated 
rte les are given in table 4. As the basis metals of these articles 
vere rough, the dropping-test end points were not as sharp as those 
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obtained on smooth steel. The end points given by the Hull-Strausgo; 
reagent, Nz, were usually satisfactory on all electrodeposited zin, 
coatings except those containing mercury.’ The end points on these 
coatings were either indistinct or undetectable because the etched 
zine coating and the steel had about the same gray color. 

The modified reagent suggested by Hull (reagent Ne’) was tried oy 
several coatings. The end point consists in the appearance of a blye 
color. On ordinary zine coatings, the modified reagent gave results 
of about the same degree of accuracy as the Ng reagent. On zinc. 
mercury coatings, however, the results were 10 to 20 percent high fo; 
coatings more than 0.0005 in. thick and more than 20 percent high fo; 
thinner coatings. Apparently the mercury deposited on the stee| 
and retarded the attack necessary for the formation of the blue colo; 


TABLE 4.—Accuracy of thickness measurements of commercial electroplated zinc 
coatings 


Percentage of error ¢ 
: 
Jet so- 

Manu- . lution 
lacturers mY . ET ee RSS See 


Dropping-test solutior Magne- 


y | Burn- Poa 
; | ished | 


0. 0004 2 } : } +5 


Sheet steel | Ordinary . 0018 


if do... 


|(Cast iron 


- 0002 


0004 9 


| in. | | 
} 
i | 
| 
| 
. 0008 } 


.0017 

. 0005 

. 0007 

. 0009 , } , | 
0012 Jf POT 4 ete 
. 0005 


Sheet steel__.... 
Steel tubing...) dk 


| Malleable iron_.| 


| 
f 
\ 
f .0010 
( 
jf 
| 
J 
( 
J 
\ 


] 

. 0008 | 

lf .0004 jl, 4 ee | 
1} .0005 f°?” ipamaag 7 | 
Sheet steel “Oo12 0+10 | 
. 0002 | | 
. 0003 ! 


aie a f .0002 |\_ ~ 3 416 | 
i 1 “004 | +70 +3 +f 
|-+23 | +7 


+16 |+75 | +213 


. 0006 


do... \ .0009 |f 


} r . ere 
ae ae ™ | 29 | jail 8 | 








® The N’g solution was the Ng solution to which 3.0 g/liter of potassium ferricyanide had beeen added 

» Reagent dissolved the coating too slowly to permit definite readings. _ 

¢ The N’g solution was used, but the ordinary end point was observed instead of the appearance of the 
blue color. 

4 When averages are expressed in the form A+B, A represents the systematic difference of the measure- 
ments from the correct value, and B represents the precision of A. 


The chromic acid reagent gave satisfactory end points on all electro- 
plated zine coatings tested, including zinc-mercury deposits. On 
ordinary zine coatings the end point was made visible by contrast of 
the white steel with the yellow color acquired by zinc. On ainc- 
mercury coatings, a black color suddenly appeared just before the 


¢ The zinc-mercury coatings, deposited from a cyanide bath, may contain up to several percent of mer 
cury. 
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steel was exposed. Usually a few more drops of reagent dissolved 
this black layer and revealed the dull gray steel. 

2) Jet tests —Only a small number of measurements were made 
vith the jet test, as it does not offer any advantage over the dropping 
‘est for zine coatings and possesses the following disadv antages: 

The reagent recommended by Clarke dissolves zinc-mercury 
eoatings at a much slower and less definite rate than other zine 
oatings. 

The end point is difficult to see because the initial penetration of 
the coating occurs only over a tiny crescent- shaped area. In many 
ses 2 hand lens is necessary to detect the end point. This difficulty 
is increased when the basis metal is rough. 

As the end point cannot be seen while the test is in progress, the 
fow of liquid must be stopped at intervals so that the surface can be 

xan Lined for the end point. 

) Magnetic measurements.—-Tests performed with the Magne-gage 
man Fn no end point. Since the surfaces of the materials were rough, 
it was necessary to take the average of a number of readings. Prac- 
tically all the errors were less than +15 percent. Because of the 
sual roughness of such surfaces, measurements cannot be made on 
ast iron with this degree of accuracy, unless the coatings are at least 

(008 in. thick. Measurements with the Magne-gage were also made 
on the test specimens after burnishing a small area with a half-inch 
steel ball. ‘This somewhat increased the reproducibility of the read- 
ings but tended to make the measurements low. Apparently the 
burnishing is advantageous if the basis metal is mild steel, but it does 
not help much if the metal is cast iron. 

Miscellaneous tests.—-A few of the commercial coatings consisted 
of a layer of cadmium covered by a coating of zinc. These coatings 
cannot be tested by the dropping method because zine and cadmium 
have different rates of solution. The average thickness of each layer 
an be ascertained by boiling the specimen in a solution of sodium 
iydroxide, which dissolves the zinc without attacking the cadmium 

ndercoating. The cadmium can then be dissolved with ammonium 

nitrate solution. 

Asimple qualitative test for the presence of mercury in a zinc coating 
isas follows: Dilute nitric acid (1:4) is poured onto the surface, which 
is then rubbed with a piece of clean copper foil. If mercury is present 
a silvery stain will appear on the copper. The usual procedure of 
testing r a coating by first dissolving it in acid is not successful with 

inc-mercury coatings, because the 1 mercury remains on the iron sur- 
we and no test for mercury is then obtained in the solution. 


(b) HOT-DIPPED 


(1) Dropping tests —The factors for the Hull-Strausser dropping 
test reagent, Ny, and the chromic acid reagent were obtained by testing 
calvanized sheet from six different sources, with coatings from 0.001 
to 0.0015 in. in thickness. The average values of the factors are given 
intable1. The factor for the Ng solution is fairly close to unity, which 
is the value given by Hull and Strausser. For both reagents, the aver- 
age deviation of the factor from the mean was +4 percent and the 
maximum +10 percent. This shows that there was no important 
difference in the behavior of the coatings from different sources. 
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The end points of both reagents were satisfactory on the galvanize, 
sheet. With the Ny reagent, the zine turned black, and at the ey, 
point the steel appeared white against the black zine. The chrom), 
acid reagent also gradually turned the zine black, but just before ¢}, 
end point the black color gave way to a light gray layer, which wa, 
quickly penetrated and revealed the bright steel basis metal. 

Table 5 gives the results of some additional tests on hot galvanize, 
electrical fittings. There was no difficulty in obtaining fairly accuray 
results for coatings on mild steel sheet, as the end point was easily see 
However, the end points of coatings on cast iron were not satisfactory 
as the iron had a black color which did not offer a contrast with the 
black color acquired by the zinc. The Ny reagent gave no evident end 
point, but apparently when the cast iron was exposed, the zine bega 
to dissolve with effervescence. This point of effervescence was take) 
as an approximate end point, but it was not satisfactory. The e 
point given by the chromic acid reagent did not show sufficient co 
trast to be seen through the colored reagent. In order to see the en 
point, the flow of reagent had to be stopped and. the solution rinse 
from the surface with several drops of water. The end point consist, 
of a black area of cast iron showing through gray zinc. Wheneye 
there was any doubt of an end point being reached (with eithe: 
reagent), the surface was tested with a few drops of copper sulfat 
solution. Bright copper coated any exposed iron, but only a blag 
mossv deposit formed on the zinc surface. 


TABLE 5.--Accuracy of thickness measurements of commercial hot-dipped 
coatings 


Percentare of error 


Coating Dropping tests 
tl 


ioky 
UHICKNESS 


Solution 
Cro 


(2) Magnetic measurements. Tests were made with the Magne-gayi 
on the six specimens of galvanized sheet which had been used fo! 
standardizing the drop-test reagents (table 1). The average error was 


7 percent and the maximum error —11 percent. The measurements 


on galvanized fittings, recorded in table 5, are also about 10 percent 


low. These results check previous magnetic measurements on hot- 


dipped coatings which showed a systematic error of —10 percent 
probably caused by the alloying of the iron and zine. This error can be 
eliminated by the use of a correction factor or by standardizing th 
instrument against hot-dipped zine coatings of known thickness. 
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c) SHERARDIZED 


1) Dropping tests.—-The thickness factors (table 1) for the Ny and 
-hromic acid reagents were obtained by testing commercial sherardized 
oatings from three different sources. The coatings were between 
\ju) and 0.003 in. thick and had been applied to mild steel. For 
each reagent, the average deviation of the measurements from the 
yean Was about -++7 percent, and the maximum deviation about + 1S 
ereent. As no additional sherardized samples from other sources 
vere available, the accuracy of the dropping tests could not be de- 
rmined in general, but from the above results the method is probably 
eliable within about +15 percent. 

fhe end points for sherardized coatings on mild steel appeared 
ather gradually and were not as distinet as those for hot-dipped 

matings. Since the coatings were thick, this did not cause a serious 
wreentage error. The N, reagent turned the surface dark, and the 
ond point consisted in the exposure of the white steel. The appear- 
nee of the area during the test varied with the specimen and thick- 
ess of coating. Some coatings vielded alternate black and silvery 
avers, and the occurrence of the latter might be mistaken for the 
steel. In cases of doubt, the test was stopped? for a few seconds, 
‘hereupon any silver-colored zine layer immediately turned black, 
vhereas exposed steel darkened but slightly. The chromic acid 
reagent gave an end point similar to its end pomt on hot-dipped 
oatings. The sherardized surface turned dark brown, and the end 
wint occurred when the silvery colored steel appeared. Sometimes, 
iortly before the end point, the brown color was succeeded by a 
ellow laver, which was rapidly penetrated to expose the steel. 

The end points cf the dropping test for sherardized coatings on 
ist iron are similar to the end points for hot-dipped coatings on cast 

and are not very satisfactory. Hence, the accuracy of the 
ethod on this material was not determined. 

When dropping tests are to be made on hot-dipped or sherardized 

aitings, one should make a preliminary test in order to become 
familiar with the sequence of color changes and not mistake one of 
them for the end point. The preliminary test should be allowed to 
woceed long enough to make certaim that the steel has been exposed 

To determine the ease of recognizing the end points for hot-dipped 
nd sherardized coatings on mild steel, three different observers 
performed dropping tests after reading the written instructions. 
The average error of the tests on galvanized sheet was +5 percent 
for both reagents. On the sherardized coatings, the average error 
vas +8 percent for the chromic acid reagent and +16 percent for the 
\, reagent. 

2) Magnetic measurements.—When measurements were made on 
sherardized coatings with the Magne-gage, it was necessary to burnish 
tle area tested, as the coatings were rough. The thicknesses given 
by the Magne-gage were somewhat high as compared with the thick- 
uess Calculated from the stripping method. The average error was 
+8 percent and the maximum error +16 percent. If the surface 
was not burnished, the errors were about twice as large. The stripping 


he time for tests which were interrupted was measured with a ‘‘stop and go”’ type of stop watch 
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standard measure of thickness. However, the sherardized coating; 
may be thicker than corresponds to the weight of coatings and density 
of zinc, because they are somewhat porous and may contain oxide 


2. CADMIUM COATINGS 
(a) DROPPING TESTS 


‘Table 6 gives the results of tests made on cadmium-coated materia|s 
obtained from seven different manufacturers. The Neg and chrom ic 
acid reagents gave sharp end points with cadmium coatings plat 


id ted 


ee 


on mild steel, especially if the basis metal was smooth. However. 


the end point for cadmium on rough cast iron surfaces was less 
satisfac tory. With the Noq reagent, some of the cadmium “coatings 
on cast iron turned dark gray or black, apparently because they 
contained some impurity, and as the steel was also dark in color, the 
end point could be distinguished with difficulty, if at all. In these 
cases, addition of potassium ferricyanide to the Noa reagent did not 
improve the accuracy of the test, as apparently the blue color did not 
appear until the end point was passed. The chromic acid reagent 
gave a visible end point on all the cadmium-plated cast iron tested, 
During the test, the cadmium became bright and, at the end point, 
contrasted with the dull-colored iron. The end point was most 
easily observed by viewing at the angle which best showed the differ- 
ence in the reflecting power of the metals. 


TABLE 6.—Accuracy of thickness measurements of commercial electroplated cadmiuy 
coatings 


Percentage of error 





i as = Coating ing tes | Magne-gage 
Manufacturer Basis metal thickness|__ pehickal fix 


Bur- | Not bur 
nished nished 


f 
\Cast i a 


See 
Malleable iron. . 


“Cast iron_- 


























* Solution Neat g/liter of KF e(ON)s 
» Unsatisfactory end point. 


The percentage errors for the Nea and No’s solutions are subject to 
considerable uncertainty, because, as shown in table 3, the factors for 
four proprietary cadmium deposits were not concordant. In testing 
cadmium coatings from various sources, it would be necessary to use 
some value that might be assumed to represent the average cadmium 
coating. Therefore, the average factors derived from table 3 were 
used. Nosuch uncertainty is connected with the values for the chro- 
mic acid solution. 
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(b) MAGNETIC MEASUREMENTS 


The measurements with the Magne-gage were generally correct 
within £15 percent. Burnishing the cadmium coating gave a some- 
chat low result, probably because the metal is so soft. 


3 MICROSCOPIC METHOD FOR ZINC AND CADMIUM COATINGS 


The microscopic method of measuring the thickness is not very 
ati factory for zine and cadmium coatings, because these metals are 
soit and flow when polished. Consequently, it is necessary to employ 

ae technique and to have considerable experience in order to 
btain reliable results. 

Several flat specimens, plated with coatings of known uniform 
thickness Were measured microscopically in a laborator ye a xperienced 
in such measurements. The results were accurate to +5 percent. 
In the metallurgical laboratories of this Bureau this accuracy was 

ipproached by ‘observers not previously experienced in measuring 
nc coatings, only after a number of trials with different polishing 
orocedures. This experience shows that great care is required to 
btain reliable values on zine and cadmium coatings. 


IV. CONCLUSIONS 
1. DROPPING TESTS 


The ammonium nitrate reagents have been found to operate satis- 
factorily with most types of zine coatings on mild steel basis metals. 

1e-mercury coatings, however, do not yield a good end point, espe- 
ial lv if they are deposited on rough surfaces. If the zinc-mercury 
oatings are tested with the modified reagent, containing potassium 
‘erricyanide, a large positive error is obtained on coatings several 
ten-thousandths of an inch thick. The ferricyanide may increase 
somewhat the sharpness of end point with other coatings, but it is 
not essential. The ammonium nitrate reagents did not give satis- 
factory end points for hot-dipped or sherardized zine coatings on 
“ast Iron. 

The ammonium nitrate reagent is not satisfactory for cadmium 
coatings because it does not dissolve coatings from different sources 
at the same rate. Also the end point for some cadmium coatings on 
cast iron is indistinct. 

The reagent containing 200 g/liter of chromic acid and 50 g/liter of 
sulfuric acid gave a satisfactory end point with most coatings, includ- 
ing zinc-mercury coatings and cadmium plated on cast iron. The 
end points for hot-dipped and sherardized zinc coatings on cast iron 
were not so satisfactory, as the test had to be stopped in order to see 
theend point. In addition to giving better end points than the am- 
monium nitrate reagents with some coatings, the chromic acid reagent 
nas the advantage that only one solution is required for testing elec- 
troplated, hot- dipped, and sherardized zine coatings, and electro- 
slated cadmium. Moreover, the application of the reagent is simpli- 
ay since the factors for the three kinds of zinc coatings are the same. 

n the other hand, four different ammonium nitrate solutions have 
been recommended for the dropping test, one for each type of coating, 


‘New Jersey Zine Co., through the kindness of FE. A. Anderson. 
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as the original purpose was to develop solutions which had a fact, 
equal to unity. This number of solutions could easily be reduced ¢, 
three, by using the Ny solution also for testing cadmium, but. th, 
number of solutions could not be further decreased without sacrificing 
either the accuracy or the sharpness of the end points. One advantge, 
of the ammonium nitrate reagents over the chromic acid reagent jx 
that the Ng and N, solutions have factors with low temperaty 
coefficients. 

When satisfactory end points are obtained on coatings thicker thar 
(.0002 in. the dropping test gives results correct to within +15 per. 
cent, if the basis metal is fairly smooth. However, if the cos tings ¢ an 
deposited on rough surfaces or on cast iron, the measurements ma 
be in error by +20 percent. Therefore, if the dropping test is to }) 
used in general testing for example, for compliance with specifications 
a tolerance of 20 percent should be allowed. When the dropping test 
is used for plant control, in which case the same type of coating would 
always be tested, results correct within +10 percent can be obtaine 
by making a correction for any systematic error. 


JET TEST 


The jet test was found to be less satisfactory than the dropping 
test as a general method for electroplated zinc coatings. 


3. MAGNETIC MEASUREMENTS 


The Magne-gage usually gave results correct within +15 percent 
Measurements of hot-dipped coatings were consistently about 10 per- 
cent low; hence for such coatings more accurate values can be obtained 
if the direct Magne-gage results are corrected by this amount. Bur- 
nishing improves s the: reproducibility and accuracy of measurements 0 
zine coatings plated on mild steel and of sherardized coatings. How- 
ever, it is not necessary on hot-dipped coatings, and does not improv 
the accuracy of measurements of electroplated coatings on cast, iro! 
The chief limitation of the Magne-gage, when applied to the commer- 
cial products, is that it does not accurately measure coatings thinne 
than 0.0008 in. that are deposited on cast iron. 


V. RECOMMENDATIONS 


The chromic acid reagent is recommended in preference to thic 
ammonium nitrate reagents for testing zine and cadmium coatings. 

Even with the chromic acid reagent, a tolerance of —20 percent 
le be allowed on individual thickness measurements to take car 
of uncertainties in the end points, especially of coatings from different 
sources. This tolerance may be included directly in the minimun 
thicknesses specified. 

3. The magnetic method is promising and certainly useful for plan! 
a. Additional commercial experience will be required before i! 
~ be included in formal specifications. 

The use of the micrescopic method for umpire tests should b 
ais ied to laboratories having experience with these particular meas- 
urements. 

For many purposes the stripping method with hydrochloric aci 
and antimony trichloride is preferable as an umpire test. A piece 
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with a total area of from 1 to 4 cm? is cut from that portion of the 
article where the thinnest coating is suspected. It is carefully weighed 
to 0.1 mg) and the portion of its surface not to be stripped i is coated 
with an acid-resistant lacquer, which is removed after the stripping 
and prior to reweighing. This method is usually reliable well within 


+10 percent. 


The author expresses his appreciation to W. Blum for his advice and 
cuidance and acknowledges the assistance given by the Metallurgy 
Division of the Bureau and by W. A. Olson, who performed some of 

tests. The author also thanks the following firms for furnishing 
most of the coated specimens used in a investigation: 
Hl anson-Van Winkle- Munning Co.; Grasselli Division, Dupont Co. ; 
Udylite Process Co.; Meaker Co.; es & Betts Co.; Steel City 
Electric Co.; Crouse- Hinds Co.; Appleton Electric Co.: Jefferson 
Electric Co.; All-Steel Equipment Co.; The Rattan Manufacturing 
Co.; Benjamin Electric Mfg. Co.; Adalet Manufacturing Co.; Erie 
Malleable Iron Co.; General Electric Co.; and Bridgeport Switch Co. 
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MPARISON OF ACCELERATED AGING OF RECORD 
PAPERS WITH NORMAL AGING FOR 8 YEARS 


By B. W. Scribner 


ABSTRACT 


Various grades of record papers that had been stored under — condition 


VoaLi 


r8 years were tested and the results are compared with test ues for their 

nal } rope rties and their properties after accelerated aging by teak at time of 

The results agree well with a retest made after 4 years of normal aging. 

papers had the same relative order of stability, as shown by retention of 

g a tatambh, alee both kinds of aging. Their stability was commensurate 

th the chemical purity of the papers, and the same kind of chemical changes 

irred during 8 years of natural aging as under accelerated aging. The cellu- 

f the stable papers was in good condition, as indicated by high alpha-cellu- 
content, low copper number, and low or moderate acidity. 
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I. INTRODUCTION 


The results of an investigation at the National Bureau of Standards 
‘in its early work relating to the standardization and classification 
{ record papers, indicate that the relative stability of such papers 
nder normal storage conditions can be determined satisfactorily by 
ting the papers and testing for decrease in strength and changes in 
ertain chemical properties. ‘The papers studied in that work were 
37 commercial writing and book papers representative of the various 
rades as produced at the time. The test data showed a good correla- 
tion between the retention of folding endurance on heating the papers 
for 72 hours at 100° C. and the chemical condition of the paper with 
aned to the purity of the cellulose, as indicated by alpha-cellulose 
content and copper number, the acidity, and the rosin content. The 
uore stable papers under the heat test were characterized by a good 
— of the cellulose as shown by a high alpha-ce sHulose content 
and a low copper number, by low ac idity, and by low rosin content, 
ili gh the last apparently was of minor importance. It was found 
that the papers could be grouped satisfactorily with respect to tbe 
degree of stability required for different record purposes by means of 
these physical and chemical data, and classifications of record papers 
ised on such data have been proposed [2]. 


bers in brackets indicate the literature references at the en 
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To obtain further information, 33 of the papers mentioned 
stored at the Bureau for testing at various periods of time to alia 
the effects of normal aging with the effects of aging accelerated } 
heating. The storage conditions are those of the : average good bys 
ness office practice, that is, the papers are not exposed to any abnorm; 
conditions of temperature, humidity, or air pollution. The fips 
retests of the papers were made after the *v had been stored for 4 yea; 
The papers were tested for strength, alpha- cellulose, copper nun ber 
and acidity, and despite the short period of aging, the grading of t}; 
papers for stability was very similar to that foretold by the accelerat 
aging [3]. The following is an account of retests of the stored pape 
after 8 vears of aging. 


II. TEST METHODS 


As in the first retest of the papers, they were tested again for folding 
endurance, acidity (Kohler-Hall), alpha-cellulose, and copper numbe; 
These tests were made by the present methods of the Technical Asso. 
ciation of the Pulp and Paper Industry,? which yield values com. 
parable with those originally obtained for the papers. (In consider. 
ing the results of the folding endurance tests, papers having very loy 
values should not be regarded as being actually brittle, as the tes; 
strips are folded under a tension of 1 kg, therefore, such papers may 
still be in a serviceable condition.) In addition, tests were made fo: 
acidity in terms of pH, beta-cellulose, and gamma-cellulose. Suitabl 
methods for these tests were not available when the papers we 
previously mg <4. With development of satisfactory technique a 
equipment for the determination of pH, this has now become the 
preferred way of expressing the acidity of paper. The procedur 
employing hot extraction of paper with water, which is specified i 
the present method of the Technical Association of the Pulp and 
Paper Industry, and a cold-extraction method developed by H. F 
Launer [4] were used. The latter method appears to be preferabl 
and its adoption is being considered by the Technical Associatioi 
The cellulose fractions were determined by a modified volumetri 
procedure, also developed by Launer, in which oxidation by dichro- 
mate is used [5]. Satisfactory determination of the beta and gamm:; 
fractions cannot always be made by gravimetric procedures, and the 
volumetric method has several other advantages. 


III. TEST DATA 


Descriptions of the papers and the test data are given in table | 
For additional information on the papers, see reference [1]. There 
are no data given herein for samples 104, 113, 122, 115, 148 (corre- 
sponding to Nos. 1, 2, 20, 24 and 32 in fig. 1) included in the previous 
work, as the supply of these had become exhausted. Sample 782, 3 
paper made in the Bureau mill from purified wood fibers, was added 
to include a high-grade paper of this kind. The figure of 55-percent 
retention of folding endurance on heating previously reported for 
sample 118 appears to be in error on consideration of the genera! 
good quality of this paper, and a retest made at this time vielded 3 
figure of 76 percent. Therefore, this latter value is given in this 
report. 


4 Copies can be obtained from the Association at 122 Fast 42d Street, New York, N. Y. 
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Bursting strength, tensile strength, and tearing strength tests were 
»ade but the data are not included because, as found in the previous 

k, they appear to have no consistent relation to the weakening of 
naper on aging. The results of folding-endurance tests, however, 
ree very Well with the degree of stability of paper indicated by its 
hemical characteristics. 


IV. DISCUSSION 


I) considering the rel: ation of these test data to the stability of the 
pers, only fairly large differences in the values should be 1 regarded 
sh aving much signific ance. One reason for this is that the papers 
recomplex materials; they contain several components that may have 
teriorative effect and the interreaction of such components during 
‘ing of the papers must be complicated. It is because of this 
t one cannot expect any one component to indicate closely how 
le a paper will be. Another variable is introduced by the non- 
omogeneous structure of paper. This affects the folding endurance 
rticularly. It has been found that duplicate determinations of the 
lding endurance of a sample of paper may yield values differing as 
ih as 25 percent or so, if the two sets of test strips are taken from 
eparated areas of the sample [6]. The strips were so taken in this 
ase because it was felt that a better indication of the condition of 
the sample as a whole would be thus obtained than if contiguous 
strips were taken. Surface sizing presents another complication. 
na Bureau study of the manufacture of w riting paper from rags, it 
was found that increased folding endurance imparted to paper by 
due or starch surface sizing was generally largely lost in the heat 
est [7]. In the present report, the glue content reported is from 
face sizing. However, despite these adverse influences on the 
vcuracy of the indicated relative stability of these papers, very good 
creement on the whole was obtained between the results from 
ccelerated aging and those from normal aging, between the chemical 
ndition of the papers and their stability, and between the retests 
e after the two periods of natural aging. 

In figure 1 is shown the relation between the effects on folding en- 

rance of heating the papers and of normal aging for 4 years and for 
‘years. It will be noted that there is good agreement in the grouping 

the papers according to their relative stability, as found by their 
retention of folding endurance after heating and after the two aging 
periods. As was to be expected, there was better agreement in this 
spect after the 8 years of natural aging than after the shorter period 

4 years, but the agreement, in general, between the results of the 
wo aging periods is very good. "On the whole, papers previously 
found to have a high retention of folding endurance anne little 
further loss of folding endurance during the additional 4 years of 
ging, but the opposite is true of the less stable papers. The com- 
parison of the effects of normal aging for 8 years and of accelerated 
aging is shown in another way in figure 2 in order to bring out more 
ellectively the good correlation between them. 

Also, as was found in the previous retest, and as has been con- 
istently found in the many other Bureau studies relating to the sta- 
bility of papers, there is good correlation between certain chemical 
properties of the papers and their degree of stability. As has been 
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mentioned before, a straight-line relationship between any one eo 
ponent of paper and its stability cannot be expected. Consider). 
the papers as a whole, those having cellulose of good quality, as jn. 
cated by high alpha-cellulose and low copper number, and having 
low or moderate degree of acidity proved to be the more stable paper 
Of these two considerations, the condition of the cellulose appears | 
be of primary importance because generally the papers which cont, 
very poor cellulose deteriorated rapidly, irrespective of the init; 
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Figure |.--Comparison of retention of folding endurance of papers after normal ar 

accelerated aging, in percentage of initial. 

The values for accelerated aging were obtained at the time the papers were stored, therefore, the figure 
for the 4-year and 8-year normal-aging periods bear a vertical straight-line relationship. No valus 
given for the 8-year period for samples 1, 2, 20, 24, and 32 as these had become exhausted. No valu 
given for the 4-year period for sample 34 as it was not tested at that time. The curves have no signi! 
cance except to indicate the grouping of the papers. The accelerated aging consisted in heating for 
hours at 100° C. 


acidity. As pointed out in the previous report, the papers made frou 
soda and sulfite pulps have a better degree of stability than would b 
expected from consideration of the condition of the cellulose. This 
has been found to be true, in general, for papers containing soda pul} 
fibers. Such fibers are characterized by a high content of pentosans 
which change very little under the heat test, and this may have som 
bearing on the stability of the fibers [8]. The rosin content of th 
papers is apparently of minor importance, as has been found in other 
studies. 
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Contrary to the findings at the end of the 4-year natural-ae Pine 
period, at the end of the 8-year period the papers in many cases showe 
significant changes in alpha-cellulose, copper number, and acidity 
These same kinds of changes took place under the accelerated aging 
Many of the more unstable papers showed an appreciable decrease i 
alpha-cellulose, and it is interesting to note that such papers general] 
had a high content of the beta- cellulose fraction after aging. Othe 
work at the Bureau has shown that the decre ase in alpha -cellulose o 
papers on accelerated aging is largely reflected in an increase in betp. 
cellulose with little change in the gamma portion [9]. Also in th; 
connection, the results of tests of some papers from books that wer, 
from 150 to 200 years old are of interest. Although the papers we 
apparently composed largely of linen fibers, which are very stable baal 
good conditions, several of the papers were very brittle; they crac 
apart when creased only a few times between the fingers. yee 
the deterioration of the papers had been ce: aused by storage in a dam 
place, as there was evidence of mold, which is known to damage paper 
These papers showed the same condition of cellulose found in t 
papers under discussion which had deteriorated considerably on hea‘ 
ing and on natural aging for 8 years, that is, a low content of alph; 
cellulose and a high content of beta- cellulose, typical values bein: 
alpha-cellulose, 51.0 percent; beta-cellulose, 44.5 percent; gammy. && 2) 
cellulose, 4.5 percent. A sample of new linen-fiber paper had t 
following values: Alpha-cellulose, 90.1 percent; beta-cellulose 
percent; gamma-cellulose, 3.3 percent. Increases in acidity a 
copper number occurred in most cases during the 8-year storage, bw: 
showed little relation to the initial quality of the papers. 

As mentioned in the previous reports, these papers are not rep 
resentative of the average quality of such papers of current mano- 
facture. With the better knowledge developed during the pas: 
several years of the factors which affect the strength and stability o/ 
papers, and of technique for controlling these factors in the manufac 
turing processes, considerable improvement in the quality of 2! | 
erades of record papers has been effected. 


V. SUMMARY 5 


The results of retests of various grades of commercial record papers 
after a normal aging period of 8 years confirm the results of a retest 0! 
them made 4 years ago, in that: 

The papers were grouped in the same relative order of stability 
by their retention of folding endurance during the natural-aging 
period and under accelerated aging by heating them for 72 hours at 
100° C. The agreement was better for the 8-year period than for 
the 4-year period. 

Generally, the papers which showed high retention of folding 
alana during the 4-year natural-aging period lost little folding 
endurance during the following 4 years, ‘but the opposite is true of thi 
less stable papers. 

3. There was good correlation between the chemical properties 0! 
the papers and “their stability. As found in many other Burea' 
studies, the more stable papers were characterized by a good c ondition 
of the cellulose, as indicated by a high alpha-cellulose ‘content and } 
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yper number, and by a low or moderate degree of acidity. The 
tent proved to be of less importance 

e me of the 8-year normal-aging period a further correlation 
iccelerated aging test was found, in that appreciable decreases 
ha-cellulose and increases in copper number and acidity took 
jace in the papers of low stability. This did not happen during the 
i years of normal aging. A further additional finding at the end of 
the S-vear period is that the cellulose of the more unstable papers has 
high content of beta-cellulose. Other Bureau studies have shown 
hat when the alpha-cellulose fraction decreases on accelerated aging 
f paper by heating there is a proportionate increase in beta-cellulose, 

ry little change generally occurring in the gamma portion, 


| ‘The recent tests of the papers were made by RK. W. Carr and W. Kk 
\Vilson and this assistance is acknowledged by the author. 
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\N APPARATUS FOR MAGNETIC TESTING AT MAGNETIZ- 
ING FORCES UP TO 5,000 OERSTEDS 
By Raymond L. Sanford and Evert G. Bennett 


ABSTRACT 


nparatus is deseribed for general magnetie testing in the range of values 
magnetizing force from 100 to 5,000 oersteds. Specimens of rectangular cross 
on up to 3.8 em (1% in.) wide and 1.9 em (% in.) thick can be tested. It is 
nated that under favorable conditions values of induction or magnetizin 
ree accurate within 0.5 percent can be obtained and that under ordinary condi- 
ns of rontine testing the accuracy is within 1 percent. The apparatus is con- 
nt and simple to operate and does not heat the specimen. 


rie 
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I. INTRODUCTION 


Previous to 1920, when Honda and Saito announced their KS 
magnet steel,! a maximum magnetizing force of 300 oersteds was 
idequate for the testing of permanent-magnet steels. However, 
cobalt magnet steels of the KS type, and others which were developed 
soon after, required &@ maximum magnetizing force of 1,000 oersteds, 
and consequently new permeameters were needed. The need was 
fairly well met by the Babbitt permeameter,’ the Full-Range perme- 
meter,’ and an apparatus developed by the present authors.* 

In 1932 Mishima *® announced an entirely new type of permanent- 
magnet alloy containing aluminum and nickel as the essential! alloying 
elements. Following this, several alloys of similar characteristics, 
including the alloy known as Alnico,® have been produced, which are 
magnetically harder than the earlier permanent magnet materials and 
consequently require higher magnetizing forces for testing. The 
uithors were able to extend the range of their apparatus to 2,000 
versteds by the addition of auxiliary magnetizing coils, but a further 

H nal =P Saito, On KS magnet steel, Phys. Rev. 16, pt. 2. 495 (1929) 

8B. J. Babbitt, An improved permeameter for testing magnet steel, J. Opt. Soe. Res 

RB. M. Smith, A new full-range permeameter, Gen. Elec. Rev. 38, 520 (1935). 

—ae tt, An apparatus for magnetic testing at high magnetizing forces, 


lishima, Magnetic properties of iron-nickel-aluminum alloys, Ohm (July 
939 


) (1932 


Adams, Alnico—its properties and possibilities, Gen. Elec. Rev. 41, 518 (193s 
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increase was impracticable because the magnetic circuit had too sm)! 
a cross section. 

In view of the increasing use of the new materials and the possihj}};, 
that magnetizing forces higher than 2,900 oersteds might be nee 
before long, the development of a new permeameter was undert 
It was hoped that an instrument could be produced which would 
capable of applying magnetizing forces up to 5,000 oersteds | and 
giving a better accuracy than the previous instrument. 

The final result was the “High-H permeameter” shown in figure 9 
This apparatus is oe. of testing specimens up to 3.8 em (1}) 
wide and 1.9 em (% in.) thick. At magnetizing forces from 10) 
5,000 oersteds, values of either magnetizing force or of induction ¢ 
be measured with an error not greater than 1 percent. Measurement 
have been made at magnetizing forces as hich as 9,000 oersteds withoy 
appreciable heating, but the accuracy at these higher forces has ; 
been determined. 


| 


II. DESCRIPTION OF APPARATUS 


In designing the present apparatus, essentially the same princ iples 
were followed as in the case of the earlier one. The principal mod 
cations were made for the purpose of increasing the range and j 
proving the accuracy of the measurements. Certain features we 
also added in order to provide flexibility and convenience in operatio 

To prevent und 
heating of the specim 
a magnetic circuit of th 
isthmus type was 
adopted, as the neces 
sary high magnetizing 
forces can thus be ap- 
plied using only a m 
erate amount of powe! 
This type of circuit, 
volving only a rel: ativel 
short length of specimen 
has the added advantag 
that specimens of ordi 
nary length can easily 
be examined for uniform- 

Figure 1.—Pole-piece ity—an important point 
if specimens are to be 
used for the intercomparison of permeameters. Furthermore, it has 
been found possible to obtain satisfactory results on a specimen onl} 
2.5 em (1 in.) long, which is too short to be tested in other existi! 
permeameters. 

Saturation effects have been reduced by substantially increasing 
the cross sections of the yokes and pole pieces, which form a syn- 
metrical magnetic circuit. 

If values of magnetizing force are obtained by means of a stationar\ 
H-coil, the errors in the determination of points on a hysteresis 100} 
may be large, because it is necessary to calculate the values as thi 
difference between two relatively large quantities. This difficulty has 
been overcome by the use of a rotating H-coil (flip-coil), by means 0! 
which the value of magnetizing force is obtained directly. 
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FIGURE 2.—The High-H permeameter. 
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The magne stic circuit is shown in figure 2. The specimen is held in 
ie pleces extending between two U- shaped yokes. The construction 
of the pole pieces is indicated in the sketch of figure 1. They have 
noitudinal channels into which are fitted filler pieces as shown. The 
imen is located in the space between the bottom of the channel 
nd the filler. The magnetic circuit is constructed of laminations of 
\o. 16 gage ag ti gy silicon steel. The distance between the 
le pieces, or gap length, is adjustable ; and scales are provided to 
ndieate the gap length : up to 10 cm, which is the maximum generally 
sed. Seales are also located on the inner ends of the filler pieces to 
‘din centering the specimen. ‘The filler pieces are fastened at their 
ter ends to heav y brass plates which are clamped to the ends of the 
pieces so as to keep the fillers parallel with the bottom of the 


Ne } 


1) 


panneis. 
The main magnetizing coils are on the pole pieces, and auxiliary 
indings are located on the yokes. The design of the magnetic 
uit and magnetizing windings was greatly facilitated by prelimi- 
wy experiments with a small model, by means of which the probable 
‘istribution of flux in the magnetic circuit was approximately deter- 
ained. ‘Che principal dimensions and constants of the apparatus are 
iyen in table 1. 


TABLE 1|.—-Constants of the apparatus 


Magnetic circuit 


Over-ail length | 50 em 
Over-al) width 40 cm 
Cross section of yokes 5X8 clu 
Length of pole pieces | 25 em 
Cross section of pole pieces | 8X10 cui 
Width of channels | 4m 
Depth of channels | 4em 
Thickness of filler pieces 3 cm 


Magnetizing coils 


No. 14 AWG silk-ename] throughout 
Leng rth, main coils ae 15 em. 
inside diameter, main coils_._-_- 11.4 em. 
Number of layers, main coils_._- 30 
Number of turns, main coils_- eae 2,690 each 
Length, yoke coils 38 cm. 
Number of layers, yoke a as 
Number of turns, yoke coils ake 1,600 each 
Total number of turns --| 8,580. 





H-coils 


Length__- pila Sleiting 7inm, 
Over-all width___- . Se aiekabaied mee) 865 
Over-all thickness a iaky .-| 2.6 mm. 
Cross section, coil forms_- OE 0.5X9 mim 
Turns, No. 44 AWG, enamel 1,200 
Approximate area- -turns on 140 em.? 








In view of the high induced voltage resulting from the reversal of 
the magnetizing current, care was taken to provide ample insulation 
und spacing of ‘the conductors to avoid breakdown of the insulation. 
lhe coil forms and flanges are of bakelite. As a precaution against 
undue areing at the switch contacts, the apparatus is shunted with a 
50-ohm resistor. 
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The general arrangement of the //-coil system is shown in figure 
There are two similar coils mounted one above the other at the t, 
of a hollow vertical shaft so that their axes are parallel to that of ti, 
specimen. This vertical shaft can be rotated by a horizontal shy: 
through small beveled gears. The horizontal shaft is 32 em long a 


is driven through spur gears by a small series-wound motor. ‘?\; 
motor is enclosed in a soft-iron box. Adjustable stops limit the yo; 
tion of the coils to 180°. By means of a cam-operated switch, resis. 
ance is inserted in the motor circuit at the proper time to prevey 
excessive jar. The resistance is adjusted so that when it is in the cj. 
cult the motor still exerts enough torque to bring the coils back 
their proper position if rebound from the stops occurs. The operatiy: 
switch opens automatically so as to prevent overheating of the moto; 

The carriage which supports the flip-coil assembly is mounted » 
ways so that its position can be adjusted in three directions by mea; 
of screws. The position of the test coils in the gap is indicated }) 
scales graduated in millimeters. This arrangement has been fow 
very convenient for determining field distribution in the gap. Ty 
constants of the test coils are given in table 1 under the headin 
[I-coils. The coils are connected to the leads through small bras. 
blocks held in place by screws and so located as to avoid extra loo 
in the test-coil circuit. This facilitates removal of the coils from ¢! 
mounting for replacement or calibration. 

In order to keep the air correction small, individual B-coils ; 
wound on thin brass forms to fit specimens of various sizes. | 
coils are 5 mm long and have 25 turns. 

The ballistic galvanometer has a period on open circuit of 45 secon 
und an external resistance for critical damping of about 40,000 ohm, 
As the external resistance rarely exceeds 200 ohms, the behavior 
the galvanometer approximates that of a fluxmeter. The galvano 
eter is connected by means of a selector switch to the desired test cv 
through any one of a number of resistors. The sensitivity is adjust 
in the usual way, using a standard mutual inductor, the calibrating 
current being measured by a Brooks deflection potentiometer a 
standard shunts. 


III. EXPERIMENTAL INVESTIGATION 


In order to obtain accurate results, it is important that the indue- 
tion in the specimen shall be uniform throughout the length covered 
by the B-coil and that it be possible to determine accurately the avi! 
component of the field adjacent to the surface of the specimen ove! 
the same length. It is also desirable to know how the distribution 6 
induction and field is affected when the gap length is varied. Ac- 
cordingly, a large number of measurements were made to determine 
these distributions. 

Most of the measurements of distribution were made using a bar o! 
Alnico prepared by the General Electric Co. A hole approximately $ 
mm in diameter extended longitudinally along its axis. Thus it was 
possible to determine the value of the field within the specimen at any 
point along its length by means of a test coil inserted in the hole. __ 

The principal data obtained were longitudinal distribution of 1- 
duction in the specimen, longitudinal distribution of the axial con- 
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vent of the field within the specimen, longitudinal distribution of 
, axial component of the field outside the specimen, and radial dis- 
pation of the axial component of the field. By radial distribution is 
‘ant the variation of the axial component of the field with the verti- 
| distance from the bottom surface of the specimen midway be- 
coon the faces of the pole pieces. The test coil used for measure- 
ments of the field outside the specimen was 5 mm long, 5 mm wide, 


LONGITUDINAL #H LONGITUDINAL B 


cf 7i% r rs 5 
a i, 


B- KILOGAUSSES 
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Fiaurp 4.— Typical distribution data taken with a 4-cm gap. 


nd 3.2 mm thick. Longitudinal distribution of the field outside the 
yecimen was obtained with the axis of the coil 1.6 mm below the 
sinace. In addition to the distribution data, the influence of varia- 
tions in experimental conditions, such as length of the specimen, 
ntact reluctance at the pole pieces, straightness of the specimen, 
tc., was determined. 

‘The curves shown in figure 4 are typical of the distribution data 
dtained and represent the results for a 5-em gap. The curves of 
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radial H show that for this length of gap the field increases with di 
tance from the surface of the specimen. Under these conditions , 
test coil of any practical dimensions calibrated in a uniform fie] d would 
indicate too high values of magnetizing force. The curves of lone 
tudinal H, indicated by crosses, are for the field inside the bar, ne 
field has its highest value at the middle of the gap and decrease s towar 
the pole pieces. Observations showed that the field is very neg; ry 
zero at points only about 2.5 em inside the pole pieces. The Gal’ 


}* 


outside the bar has its lowest value at the middle of the gap and 
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Ficure 5.-—Influence of gap length on radial distribulion. 


AH shown in upper part is the difference between the true value of Hand the value at a distance o! 
from the surface of the specimen. Crosses in lower part indicate the values inside the specimen 


creases toward the pole pieces. The curves of longitudinal B have 
their highest value at the middle of the gap. The induction is ver} 
nearly constant over the middle centimeter. 

Figure 5 shows how the radial distribution varies with the gap 
length. The lower part of the figure shows the radial distributions 
corresponding to fields of 1,000, 500, and —-450 oersteds, respectively, 
measured inside the bar at the middle. ‘The value —450 corresponds 
to a point on the hysteresis loop determined from a maximum me 
netizing force of 1,000 oersteds. The crosses indicate the value 
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shtained inside the specimen. It will be noted that the extrapolated 
values for the 3-em gap are higher than the values obtained inside the 
~+pamen. This indicates that the distribution of induction is not 
wjiform across the section for this short gap. The variation of 
with distance from the surface becomes less as the gap length is in- 
creased. For a gap of 8 cm the field is practically uniform over a 
jistance of 1 em. For longer gaps the field decreases with distance 
‘rom the surface. 

“In the upper part of figure 5 are plotted the percentage differences 
hotween the value of #7 at a distance of 3 mm from the surface and 
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Fiaurh 6.—Influence of gap length on longitudinal distribution of H and B. 


tosses indicate values of H inside the specimen. The gap lengths are 3, 5, 8, and 10 cm, respectively. 


the value inside the specimen as a function of the length of gap. Curves 
A, B, and C represent the values for 1,000, 500 and —450 oersteds, 
respectively. The minimum difference for all values of H appears 
tocome at a gap length of about 8cm. Figure 6 shows the variations 
n the longitudinal distributions of H and B with the length of gap. 
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The principal thing to be observed is that for a distance of about | ¢ 
at the middle of the specimen the distribution is satisfactory exeo, 
for the 3-cem gap. 

The distribution data were used as a guide for the design of 4), 
final //-coil system. The two H-coils are mounted with their gy, 
parallel and 2.5 mm apart. The height of the system is set so thy, 
the axis of the upper coil is 2.5 mm away from the lower surface of +) 
specimen. In order to determine the value of /7 at the surfye, 
readings are taken first with the upper coil and then with the 4 
coils connected in series-opposition, The second reading is thy 
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Figurs 7.— Normal induction and hysteresis curves for hollow specimen 


Values of // for the curves were obtained inside the specimen Points refer to values taker 
specimen. Gap length, 8 cm. 


added algebraically to the first. Since the distribution is very nea 
linear and the distance between coils is equal to that between | 
upper coil and the surface of the specimen, this gives directly 
value at the surface. The differential reading may be zero, positi\ 
or negative according to the gap length. It is probable that the eros 
section and properties of the test specimen also influence the ra 
distribution to a certain degree. 

As a final check on the results using the double //-coil syste: 
measurements of normal induction and hysteresis were made on t! 
hollow bar and the results were compared with those obtained bi 
measuring /7 on the inside of the bar. <A typical set of results 
shown in figure 7. The full lines represent the values obtained with 
the internal //-coil, and the points were obtained with the externa 
coils. The data obtained from measurements of the field outside th: 
bar agree with those obtained from measurements inside the ba! 
within the experimental error for either a 5-cm or an &-cm gap. Re- 
sults obtained with a 3-cm gap did not agree so well, but the discrep 
ancies did not exceed about 2 percent. 





ai The NBS High-H Permeameter 423 
\feasurements on several solid bars having different dimensions 
showed good agreement between data obts ained with a 5-cm rap and 

e for an 8-cm gap. 

‘Experiments to determine the influence of variations in experi- 
mé rental conditions led to the following conclusions: 

|, Ordinary variations in contact reluctance at the pole pieces do 

apprec iably affect the accuracy of the results. 

2. The accuracy of the results does not depend upon the thickness 

the specimen. The same values were obtained on a specimen 
having a cross section approximately 0.6 by 1.3 cm tested in the ordi- 
nary position and with its narrow side toward the H-coil. 

Satisfactory results can be obtained with relatively short speci- 
ens. For specimens 5 em or less in length, it is better to butt the 
ds against the pole pieces rather than to attempt to insert them in 

regular way. Results agreeing within the observational error 
ere obtained on the same section of a specimen originally 25 em long 
er it had been cut to lengths of 10, 5, and 2.5 cm, respectively. 

Moderate deviations from straightness do not affect the accu- 
wy of the results. If a bar is not straight, it is somewhat better to 
ort it in the apparatus with the concave side down. 

5. Unless the radial gradient is practic ally zero, an error in the 
served value of induction may result from the use of a B-coil of 
“oo great area. It is best to use a B-coil having an area not more 

1, 50 percent greater than that of the specimen. 

The value of area-turns of the //-coil is too small to give satisfactory 
sensitivity at magnetizing forces below about 100 oersteds. For this 
reason no attempt has been made to determine the accuracy for lower 


wznetizing forces. If at some future time it should appear desirable 
ty use the apparatus for measurements with magnetizing forces below 
00 oersteds, the feasibility of using larger //-coils would have to be 
nvestigated. 


IV. ACCURACY OF TEST DATA 


In order to estimate the accuracy of test data obtained with the 
apparatus, it is necessary to consider not only sources of error peculiar 
‘9 the individual apparatus but also those inherent in ballistic methods 
in general. The principal points common to all ballistic methods 
wre value of the mutual inductor; area-turns of the test coils; 

justment of galvanometer sensitivity; characteris tics of the galva- 
nomet er; temperature effects; uniformity of the specimen; magnetic 
viscosity; and observational errors. Points peculiar to the individual 
ipparatus include: dimensions of the test coils: and method of measur- 
ing IT for points on the hysteresis loop. 

The values of mutual inductors such as are used in connection wilh 
nermeameters are generally determined to an accuracy of about +0.1 
pereent. However, we have compared’ the inductors used with the 
present, apparatus with a mutual inductor constructed for use in the 
letermination of electrical resistance in absolute — under the direc- 
tion of F. Wenner with an estimated accuracy of +0.05 perce nt. 

The area-turns of the test coils were determined by measuring the 
mutual inductance between the coils and a standard solenoid within 

The method used is described in Cir. NBS C415, p. 20 (1937 

168819-—-39———-7 
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which the coils were placed. This solenoid is wound on a thread, 
form and its constant, H/I, is known to about 0.05 percent. The dis. 
tribution of field along the axis of this coil has been explored eXperi. 
mentally and varies by less than 0.05 percent from the calc aa 
values. It is important in determining area-turns that the axes 9! 
the test coil and solenoid be in alinement. This was checked experi. 
mentally. It is estimated that the area-turns of the H-coils a, 
known within +0.2 percent. The areas of the B-coils were det, 
mined in the same manner and to the same accuracy. 

In calibrating the galvanometer for a test, the sensitivity can by 
adjusted to about 0.1 percent. Unless considerable care is take, 
however, the error may be as great as 0.2 percent. 

There is some difference of opinion with regard to the influence o 
galvanometer characteristics on the accuracy obtained. It is th 
authors’ opinion, however, that a heavily overdamped galvanomete: 
gives better results than a critically damped instrument, for this tyr 
of work. - 

It is important to avoid heating the specimen, especially if a hig 
accuracy is desired. Since the present apparatus requires less th 
600 watts to give 5,000 oersteds and has considerable radiatin 17 
surface and heat capacity, there is practically no trouble from heating 
Even after a rather long-continued test the temperature of the speci. 
men does not rise more than about 2° C. 

The magnetic uniformity of the specimen is of particular importance 
if the results obtained with different permeameters which include 
different lengths of the specimen in the test are to be compared 
With the present apparatus it is possible to investigate the uniformity 
of a specimen and thus determine whether or not it is suitable for us: 
in intercomparisons. 

One source of uncertainty, not heretofore considered to be charac- 
teristic of magnetically hard materials, is the phenomenon known as 
magnetic viscosity. This effect is noticeable in the range of mag- 
netization represented by the steep parts of the normal inductio: 
and hysteresis curves. It was observed in Alnico and cobalt magn 
steel and shown to be associated with the test specimens themselves 
and not to be brought about primarily by the rest of the magnetic 
circuit. It is proposed to study this effect further, as it may be th: 
cause of some of the differences between the results obtained on the 
same specimens in different laboratories. 

The observational error of a single reading may be as great as 0.2 
or 0.3 percent. Ifasufficient number of re: adings of the same quantity 
are taken, however, the average is probably good within 0.1 percent 

The uniformity of the field determines the limits of length and 
thickness of test coils which can be used in a given apparatus. Thi 
dimensions chosen for the coils in the present apparatus are such that 
errors due to nonuniform distribution do not exceed 0.2 percent. 

The determination of values of magnetizing force corresponding 
to points on a hysteresis loop by means of a fixed H-coil involves 
taking the difference between two relatively large quantities. This 
may lead to large errors. By using a flip-coil, it is possible to deter- 
mine directly the required value of magnetizing force and thus reduc 
materially the experimental error. The use of the flip-coil cuts 
down the amount of switching necessary and also makes it possible 
to¥check for initial polarization of the specimen by noting whether 
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rnot equal values of H,, are obtained for the same value of magnetiz- 
7 cl urrent flowing in either direction. 

Re ‘ing into consideration all of the sources of error noted above, 

+ js estimated that by the exercise of care in taking the readings and 

ving several res adings for each point, values of either induction 

ot nagnetixine force can be obtained which will be accur ate within 

al 0.5 percent. For routine tests made without extreme precau- 

_yalues accurate within 1 percent should be obtained without 

ifficulty. 


V. SUMMARY 


In order to meet the demand occasioned by the recent develop- 
ent of permanent-magnet alloys requiring the application of very 
ch magnetizing forces for magnetizing and testing, a new perme- 
ter has been constructed which has been called the NBS High-H 
meameter. In its design the aim has been to provide an instru- 
nt whose accuracy is sufficient to meet the requirements of present- 
jay magnetic testing and which is simple and convenient to operate. 

The fundamental principle is that of the well-known isthmus 
ethod, in which the magnetizing force is taken as the value of 
agnetic field at the surface of the specimen. By ineluding only 

relatively short length of specimen in the test, it is possible to 

ply the necessary high magnetizing forces without appreciable 

_—~ Also, 2 symmetrical magnetic circuit promotes a uniform 

istribution of flux across the section of the specimen and a sym- 
metrical distribution of field within the gap. 

The requisite degree of accuracy is “obtained by the use of test 

ils whose dimensions were chosen with reference to the observed 
listribution of flux end field in the magnetic circuit. Furthermore, 

the use of a double Z/- coil it is possible to determine the value of 
the field at the surface of the specimen more accurately than can 
edone with a single coil. By using a rotating H-coil, it is possible 
determining points on a hysteresis loop to avoid the errors which 
may arise from calculating the magnetizing force as the difference 

{two relatively large quantities. 

[tis estimated that for magnetizing forces from 100 to 5,000 oersteds 
tis possible under favorable conditions to obtain values of ~— 
induction or magnetizing force which will be accurate within 0.5 
percent. Under ordinary conditions of routine testing the errors 
probably do not exceed 1 percent. 


WASHINGTON, June 16, 1939. 
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sd CHANGES AND ENDOTHERMIC AND EXO- 
ee capi ECTS DURING HEATING OF FLINT AND 
S CLAYS 


By Raymond A. Heindl and Lewis E.. Mong 
ABSTRACT 


inves in length on heating from room temperature to 1,000° C and the teim- 
ratures at Which endothermic and exothermic effects occurred were determined 
flint clavs from Kentucky, Missouri, Ohio, Pennsylvania, and Washington; ona 
e clay from Pennsylvania; on a hard kaolin and a bauxitie clay from Georgia; 
1a Zettlitz kaolin and a diaspore from Missouri. Changes in the length of 
nular pieces and of pulverized materials were measured both in air and in an 
sphere of the products of gas ori stion. The two ranges of temperature 
roximately 500° to 600° C and 925° to 980° C) in which very rapid contraction 
place during heating were the same as those in which endothermic and exo- 
reactions, respectively, occurred. The ranges of temperature in which 
contraction took place were slightly lower for the pulverized than for the 
lar pieces of the clays, except for the Missouri clay, in which there was no 
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I. INTRODUCTION 


The properties of fire-clay refractories are obviously dependent, at 
t in part, upon the changes which occur in the individual raw 
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clays as they are heated.! Plans have been made to study finish, 
refractory bodies prepared primarily from raw flint clays a 
from the various producing districts in this country. The | Sent 
report contains the results of a study of the irreversible ooh to 

and contraction characteristics of each of these raw flint clays whe 
heated in air and when heated in an atmosphere of the products 0: 
gas combustion. Also, endothermic and exothermic effects wen S| 
studied in most cases to determine whether there was any rela 
between these irreversible heat effects * and the changes in len ngth of 
the clays. In addition, several miscellaneous refr: actory materia 
were tested for comparison with the flint clays. 


II. MATERIALS 


One sample of flint clay was obtained from Kentucky, one fro: 
Missouri, and one from each of two deposits in Ohio, Pennsylvani; 
and Washington. Miscellaneous materials included one sample eac! 
of a refractory plastic clay from Pennsylvania, a hard kaolin fron 
Georgia, a bauxitic clay from Georgia, a diaspore from Missouri 
and a Zettlitz*® kaolin. The materials and their sources are liste, 
in table 1 


TABLE 1.—Types of clay, sources, and pyrene tric cone equivalents 





Material 


Flint clay. _- ‘ - Missouri 

BON iiss ; rae | Kentucky Act 
Flint clay,¢ grayi ROPE ; = east ' 
Flint clay, blu k E } — Z 
Flint clay, light. i ; ; : { 
Flint clay, dark. 
Flint clay : : : | Pennsylvs ania 4 ¢ 
Flint clay, Dean__. ee ; do- : { 
Flint clay, Farrow-- | w ‘ashington. 
Flint clay, Dark Kummer ¢_______-. 
Flint clay, Light Kummer @. fo: - 
Plastic clay, Tyrone aa | Pennsylv: ania____ 
Kaolin, hard ee Ce eee | Georgia. -..--- ; ; { DP 
Kaolin, bauxitic : cen ..do- eee 
| SSE ee . | Missouri _. ’ 
Kaolin . ; | Zettlitz.. 





« Tests were made of specimens of differently colored clay selected from the same sample. 


1. PYROMETRIC CONE EQUIVALENT 


The pyrometric cone equivalents (pce, or softening points) wer 
determined according to the American Society for Testing Materials 
ord 


standard method, serial designation C24~35.4 The values, given in 
table 1, range from cone 32 to cone 37 for the materials tested. 


2. MICROSCOPIC ANALYSES 5 


The petrographic microscope was used in making examinations 0! 
thin sections of Kentucky, Missouri, and Pennsylvania (Dean) flint 
clays to determine whether any differences in structure or comp0s!- 


1 R. A. Heindl, Progress report on investigation of sagger clays, J. Am. Ceram. Soc. 9, 131 (1926). 
R. A. Heindl, A stwiy of sagger clays and sagger bodies, J. Research NBS 15, 255 (1935) RP827. 
? Herbert Insley and Raymond H. Ewell, Thermal behavior of the kaolin minerals, J. Research NBS i, 
615 (1935) RP792. 
For other tests, see the paper referred to in footnote 2. 
4 Am. Soc. Testing Materials, Standards, pt. 2, Non-Metals, p. 299 (1936). 
5’ Made by H. Insley. 
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gj 


in could be detected. In each case the ground mass appeared to be 
rsely amorphous under a high magnification. This ground mass 
, mean index of refr ‘action of about 1.55. Vermicular aggregates 


} { 
uu a 

h 

il 


a low to medium double refraction and a mean index of about 
56 were fairly abundant and occurred as inclusions in the ground 

mass. These aggregates may have been kaolinite or halloysite. 
louds of minute pa irticles (1 micron or less) with high double refrac- 

‘ion and high index of refraction also occurred as inclusions in the 
-round mass. These particles were possibly rutile. The petrographic 

cgmination failed to show any significant differences between the 
ree clays, with the possible exception that the material identified 
the Pennsylvania flint as probably being rutile was present in larger 
crecates than in the others. 


III. METHODS OF TEST 


1. LENGTH CHANGES 
(a) PREPARATION OF TEST SPECIMENS 


order to obtain data on the flint clay in its unaltered structure, 
mparable to the larger particles used in batches from which refrac- 
tory shapes and bricks are made, pieces for test were cut from large 
nps. These pieces were finished by grinding them to cubes approx- 
ately 0.2 in. on a side. Furthermore, for making tests under dif- 
rent atmospheric conditions specimens were cut from the same lump 
‘clay as the cubes to reduce jaye variation. 
Specimens representing the fine portion of the brick batch were 
ed by pulverizing an average sample of flint clay to pass a No. 
200 U nited States Standard Sieve. Cylinders 0.25 in. in diameter and 
in. long were pressed from the slightly dampened materi: ul. Such 
specimens represented a uniform and intimately mixed sample of the 
‘lay. This was in contrast to the cubical specimens in which non- 
uniformity was indicated by differences in color of the clay. 
both cases specimens were dried overnight at approximately 


(b) PROCEDURE 


The interferometer * 6 was used for, making ee during 
Measure- 
ents were made over the range ris room isneeetane on 1,000° C 
A heating rate of 2.5° C/min was used. 
The linear shrinkage after heating and cooling the clays was meas- 
ired = a micrometer. 
Atmospheric conditiens.—Length changes of the clays were meas- 
aed under ordinary atmospheric conditions such as obtained in the 
uffle of an electrically heated furnace. They were measured also in 
n atmosphere of the products of gas combustion obtained by burning 
i2ll gas flame in the lower end of the furnace muffle. This atmos- 
phere should partially simulate that present in many commercial 


George E. Merritt, The interference method of measuring thermal expansion, BS J. Research 10, 59 
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2. ENDOTHERMIC AND EXOTHERMIC EFFECTS 


The study of the thermal effects was limited to the determinatiy, 
of the relative magnitude of the endothermic and exothermic reactjg). 
and the temperature ranges over which they occurred. 

For these tests, clays ground to pass a No. 200 sieve were us; 
The heat effects were measured | by the modified differential- thern 
couple method 7 which has been made use of by many ceramic investi. 
gators in studies of clay materials. However, in place of the divide, 
platinum cylinder usually used for the sample and reference materia]. 
a refractory thermocouple insulator, 1 by 4 by % in. with two hole 
slightly less than ¥% in. in diameter, was used. This was cemented }: 
a vertical position to two legs, % in. long. 

The reference material was a clay calcined at 1,000° C, and of th 
same fineness as the test specimens. It was considered suitable he. 
cause it was inert and approached in composition the clays be ing 
tested. The reference material and the test material were packe; 
tightly in the respective halves of the container around the junctions 
of the thermocouples. The rate of heating was 2.5°C/min. Reading 
of the temperature of the test sample and of the sabes anometer d lefle C- 
tion due to temperature difference between the materials in the ty 
sides of the cylinder were taken at 1- to 5-min. intervals, depending o 
the rate of change of the differential temperature. 


IV. RESULTS AND DISCUSSION 
1. MISSOURI FLINT 


A series of specimens of Missouri flint clay, taken from differe: 
lumps of the 1,000-lb. lot received, was tested for change of lengt! 
during heating. From visual examination the lumps selected aD 
pe: ared differen t in color and texture. Tests were made only on small 
cubes or pieces. The results of five such tests, all of which were mai 
under ordinary atmospheric conditions, are shown in figure 1. Thy 
results show considerable differences in total length changes at 1,000 
C, the range extending from 3.9 to 4.9 percent. The average linea! 
shrinkages of the specimens after completing the heating and cooling 
cycle ranged from 4.4 to 5.3 percent. The fact that each specim 
was shorter after cooling than at 1,000° C was to be expected, since thi 
contraction on heating was due to irreversible reactions, whereas tha 
on cooling was ordinary reversible thermal contraction. 

The curves show that the clays expanded uniformly and rathe 
slowly from room temperature to within the range 470° to 500° ( 
This expansion amounted to approximately 0.3 percent. Contrac- 
tion commenced thereafter and proceeded relatively slowly for approx 
mately 60° C, then very rapidly for approximately 50° C. The con- 
traction for this interval of approximately 110° C ranged for thi 
different specimens from 1.0 to 1.8 percent. For the next interval 
of approximately 320° (600° to 920° C) the contraction proceede: 
again at a somewhat slower pace, resulting in 1.5 to 2.3 percent addi- 
tional shortening. For the next 50° C interval (approximately 930" 
to 980° C) the contraction was very rapid again, ranging from 1. 
to 1.4 percent. After passing this range and up to 1,000° ©, cor- 


~ 9 Burmess “— Le Chatelier, Measurements of high temperatures, 3d ed., p. 383 (J. Wiley & 
York, N. Y., 1912). 
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-raction proceeded again at a slower rate. The curves, therefore, 
how two comparatively short ranges of temperature in which the 
traction of the clays proceeded at a very rapid rate. 

Additional tests of Missouri flint clay were made to determine 
vhether the rate and extent of the contraction of the granules and 
‘hat of the fines were different and also whether the contraction was 
aflected by a change of atmosphere. Figure 2 (left) shows that 

hen pieces were heated in an atmosphere of the products of gas 
combustion, the type of 
curve obtained was not 
vyeatly different from 
‘hat already discussed. 
[here are, however, two 
noteworthy features, 
namely: (a) The begin- 
ing of the first period 
about 500° C) of rapid 
contraction of the clay 
in air precedes that of 
the clay in an atmos- 
nhere of the products of 
vas combustion by at 
least 15° C; however, 
in the beginning of the 
second period of rapid 
contraction (about 900° 
C), it follows that of the 
clay tested in the spent 
gases by about 30° C. 

b) The total contrac- 
tion at 1,000° C was the _ 
same in the two tests. __ 800 

Figure 2 (right) DEGREES C 
shows the results ob- Figure 1.—Lengih changes during heating of five dif- 
tained in two atmos- Jerent pieces of clay selected from a sample of flint 
; clay from Missouri. 
pheres when tests were ' 
made on specimens pre- 
pared from a composite sample of the fines. The trend of the expan- 
sion and contraction in this case was similar to that obtained on the 
coarse or granular particles. The rapid contraction which occurred 
between 500° and 600° C was approximately 0.75 percent less and 
that between 800° and 900° C was approximately 0.50 percent greater 
than that of the unpulverized clay. 

Figure 3 compares contraction curves obtained from tests in air 
of coarse pieces of Missouri flint clay and of specimens prepared from 
the fines taken adjacent to the coarse pieces. Very little difference 
In results was obtained. This indicated that the differences shown 
in figure 2 between the pieces and the fines may be attributed to 
sampling. 

In these tests the first period of rapid contraction occurred at about 
500° C, where according to J. W. Mellor,’ among others, the clay 


* Chemical constitution of the clay molecule. Review of later theories, Trans. Ceram. Soc. 37, 118-125 (1938). 
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FIGURE 2.—Comparing changes in length of an average sample of Missouri flir 
clay fines (right) and granular pieces (left) when heated in air and in the producis 


of gas combustion. 


_ The difference between the pieces and the fines is not attributed to difference in grind but to variatio: 
in the material. The curve showing the endothermic and exothermic effects in the fines heated in air js 


given also in the graph on the right. 


molecule is completely disrupted to form water, free silica, and fre 
alumina. The second period of rapid contraction occurred at about 
900° C, where gamma alumina (see footnote 8) is formed. 
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‘IGURE 3.—WNo significant differences 
in changes in length: between pieces 
and fines of Missouri flint clay were 
noted when specimens were prepared 
from adjacent material and heated 
in atr. 


The heating curve for the Missouri 
flint clay as given on the right in fig- 
ure 2 shows two effects. An endo- 
thermic effect took place between 
approximately 470° and 580° C and 
reached its maximum at about 550 
C. This corresponds closely to the 
first period of rapid contraction. An 
exothermic effect took place betwee 
about 940° and 990° C and reached 
its maximum at about 985° C. This 
corresponds fairly closely to the sec- 
ond period of rapid contraction. 


2. KENTUCKY FLINT 


Figure 4 shows the results of tests 
of granular pieces and also of fines 
of Kentucky flint clay. Considering 
either the pieces or the fines alone, 
only a slight difference was noted 1 
the contraction characteristics when 
each was tested in air or in an 2 
mosphere of the products of gas com- 
bustion. There was however, 4 
considerable difference between 


the results obtained in tests of the granular pieces of clay and oi 


specimens prepared from the fines. The maximum expansion 0! 


+ 





traction 
pel 
jrom 
hi 


Length and Thermal Changes of Clays 


e pieces was 0.4 percent and that of the fines 0.2 percent. 
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Further- 


re, the specimens made from the fines and tested in an atmosphere 


burned gases reached their maxi- 
im expansion at a temperature 
higher than when tested in 
[The shrinkage taking place 

¢ the first period of rapid con- 
ranged from 1.75 to 2.0 
recent and for the second period 
1.6 to 2.15 percent. The 


cher values were recorded with 


the fines, which is the reverse order 
rom that obtained with the Mis- 


on at 1,000° C 


pe 


1 


nl 


ai 


‘ontrast 


wh 


\ 


l t 


nere 


The total contrac- 

ranged from 5.0 
nt for the granular pieces to 6.0 

ree one for the fines. 

To de termine whether there was 


flint clay. 


ny difference in change of length 
with 


and 
speci- 


heating between pieces 
es of Kentucky flint clay, 


ens were prepared from adjacent 
aterial to represent these two con- 
itions. 


The results of the tests 
shown on the left in figure 5. In 

with the Missouri clay, 
there were no significant 
ferences between the results ob- 


tained with the pieces and fines, the 


K en 


tucky clay showed a pronounced difference. 
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URE 5.—Left, significant differences in measurements of change in length between 
pieces and fines of Kentucky flint clay were obtained when specimens were prepared 
‘rom adjacent material and heated in air. 

Right, changes in length of specimens from the same lump of clay but of two 
differen} colors which blended into one another. 
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traction between approximately 500° and 600° C. Also the tot: 
contraction up to 1,000° C was approximately 1.0 percent greater fp 
the fines. 
A separation was made of a light-bluish clay which appeared : as 
streaks in lumps of Kentucky flint clay. As given in table 1, this m 
terial had a pyrometric cone equivalent of 35; the grayish- tan portion 
was 34. The index of refraction of the bluish material was slightly 
higher than that of the tan, and the latter contained pam of low. 
index material. X- ray photographs indicated both materials to }, 
kaolinites. The length changes obtained on heating of pieces take 
adjacent to each other are shown on the right in figure 5. The bluis} 
portion showed about 0.4 percent less contraction between 500° an 
600° C and about 0.25 percent less up to 1,000° C than the tan por. 
tion. There was little difference between the two materials in th 
magnitude of the rapid contraction between 900° and 1,000° C, 
The heating curve for the Kentucky flint is given in figure 4, , 
rather pronounced endothermic change occurred between 460° an 
610° C, which reached its maximum at 550° C. Also, a pronounce 
exothermic change took place between 960° and 1,000° C, whic 

sached its maximum at approximately 990° C. These effec ts corre. 
sponded relatively well with the intervals of rapid contraction show 
in the change of length curves. 


3. OHIO FLINT 


There are two flint clays from Ohio listed in tablel. Figure 6 (left 
shows the results of tests of the contraction of the light-colored flint 
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Ficure 6.— Changes in length and endothermic and exothermic effects during heat: 
of two different flint clays from Ohio. 


clay (pce 34-35). There were only minor differences between this 
clay and the Kentucky flint clay. The expansion which occurred 
below 550° C, the rapid contraction which occurred between approx- 
mately 500° and 600° C, and the total contraction up to 1,000° C were 
all slightly lower in the Ohio clay. 
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Kigure 6 (right) shows the results of tests of the second Ohio flint 
clay (pee 32). The fines, when tested in air, commenced to contract 
at a tempet rature about 40° C lower than that at which the pieces did. 
The shrinkage beginning at the end of the expansion period and ending 
at about 600° C in this case was only about one-half, and the total! 
contraction up to 1,000° C was approximately two-thirds of that in 
the first Ohio clay. Both clays showed greater contraction when 
pulve rized than when not pulve rized. 

The heating curves for the two Ohio flint clays are shown in the 
respective sections of figure 6. No significant differences were noted 
hetween the heat effects of the two clays. 


4. PENNSYLVANIA FLINT 


There are two flint clays from Pennsylvania listed in table 1. 
Figure 7 shows the results of tests made on the clav which had 
pyrometric cone equivalent of 
32-33. Among the several no- f—- 
table differences between this GG L. PIECES: IN AIR RRSPIECES ING 
clay and the others which have §,. oeee ent inl 
been discussed is that the expan- \ | «FINES IN GAS~ 
sion of the pieces was greater in 


the case of this clay and occurred a 
PENNSYLVANIA FLINT CLAY 


over a longer temperature 1 ange. > paola 
The fines showed an expansion of 
about the same magnitude as the 
fines of the other clays. Also, 
the Pennsylvania flint in the first 


period of contraction showed less 

change for both the fines and the a a HH 

pieces, but in the second period of 

rapid contraction this held true 

for the pieces only. Both the 

total contraction up to 1,000° C is 

and the total shrinkage on cool- > 200 40 00600 “300 1000 

ing were low compared with the DEGREES C 

clays already discussed. FIGURE 7.—Changes in length and endo- 
The results of tests of the Dean thermic and exothermic effects during 

flint el ay from Pennsy lvania are heating of a flint clay from Pennsylvania. 
elven in figure The lumps of The expansion of the clay occurred over a greater ten 

clay as received were a mixture — }ictiimohtained with Perper ee oe pousres. 

of very dark- to light-gray mate- 

rial. “Results obtained with the pieces and the fines of the clay of an 

intermediate color, which formed the greater portion of the sample, 

are shown in the left section of figure 8. The results on clay repre- 

senting the extremes of the dark- and light-colored pieces are com- 

ia oy in the section on the right. 

In the pieces the behavior of the clay was quite different from that 
of all other clays. The expansion proceeded slowly and uniformly, 
's noted in other clays, but extended over a slightly greater tempera- 
ture range. Then with almost explosive violence. the particular 
pleces of clay tested (fig. 8) expanded about three times as much 
within 50° C’as they had within the preceding 500° C. Immediately 
thereafter, for approximately 70° C, fairly rapid contraction took 
place, which, however, was small in extent and slow when compared 
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to that obtained with clays from the other States. The same diminy. 

tion of extent and rapidity applied to the contraction which occurred ' 
between 900° and 1,000° C. Because of the high expansion 9; 4 
relatively lower contraction occurring below 650° C, the length of : 
the specimen at 1,000° C in one case was greater and in the othe; 
cases very little less than the original length. 

Figure 8 also shows the results of tests of the pulverized clay 
The appearance of the curves is very similar to that shown for speci. 
mens made from the fines of other flint clays. It is apparent tha 
pulverizing the clays eliminated the causes of the rapid expansio; 
between 500° and 600° C. This may possibly be accounted for }y 
the destruction of lamination planes as discussed by J. O. Everhart: 
Also, since this clay was much harder than the other flint clays 
pulverizing could facilitate the escape of the water or steam. In thy 
eranular pieces the steam might build up considerable pressure befor 
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FicgurE 8.—Changes in length and endothermic and exothermic effects during | 
ing of a second flint (Dean) clay from Pennsylvania. 
In the graph ov the left the decided difference between the expansion and contraction of the gra 
Pieces and the fines isshown. In the graphon the right are compared changes in jength of pieces of « 
taken from the same sample but different in color. 


it was released. Changes in length of the fines were not significant; 
affected by the atmosphere. (See fig. 8.) 

The curves showing the thermal changes which took place in this 
clay with heating to ‘Y ,000° C are given in figure 8. Both the endo- 
thermic and exothermic peaks ® occurred at a higher temperature 1 
the pieces than in the fines. 


* Secondary expansion in refractory clays, J. Am. Ceram. Soc. 20, 353 (1937). 

10 Some data were obtained on the effect of atmosphere, size of particle, and rate of heating on the « 
thermic and exothermic effects of several of the clays. The data are limited in quantity and the values ar 
therefore, not reported. However, it was indicated that the exothermic peak in an atmosphere of the pre } te 
ucts of gas combustion (three tests) was reached at a slightly lower temperature than when tested in a! T) 
The endothermic peak was not significantly affected. Both the endothermic and exothermic peaks occurtt 7 
at a higher temperature with unpulverized clay (two tests) than with the fines. (See fig. 8.) In the singlt K, 
test made, a heating rate of 5° C/min caused the endothermic effect to occur at an appreciably higher ter 
peratnre than when arate of 2 5° Cw as used. 
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5. WASHINGTON FLINT 


Two flint clays, known as Kummer and Farrow, respectively, were 
obtained from the State of Washington. The Farrow flint clay was 
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tested in the two atmospheres but in the unpulverized form only. 
he curves (fig. 9, left) are, in general, similar to those for Missouri, 
Kentueky, and Ohio clays. No data were obtained on thermal changes. 
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The Kummer flint clay was streaked with small quantities of a yer 
licht-colored material. This, when separated, gave a pyrometric cor, 
equivalent of 37 as against 35 for the dark cake. The curve {, 
the light-colored material shows this clay to be significantly differe; 
from the darker clay (center graph, fig. 9), in that its maximum co). 
traction up to 1,000° C was considerably less (5.0 versus 6.05 percent 
The dark clay showed ereater contraction than any other flint cla) 
during the two periods of rapid contraction (between 500° and 600° ( 
und 850° and 950° C) and also a greater total contraction up | 
1,000° C. The pulverized dark clay, whether tested in air or in thy 
atmosphere of burned gases, showed an expansion of 0.2 percent be- 
tween 790° and 820° C (fig. 9, right). ‘Tests were not made of the fin 
of the light portion of this clay, but none of the other flint clays showe 
a similar expansion. 

The curve illustrating the thermal changes of the fines of the da 
Kummer clay is shown in the section on the right in figure 9. No 
effect corresponding to the slight expansion noted at about 800° ( 
in the change-of-ieneth curve occurred in the thermal-change curve 


6. TYRONE PLASTIC CLAY 


Figure 10 shows the data obtained on a plastic clay. There 
a striking similarity between these curves and those shown in figure 7 

for one of the Pennsylvania flint clays, in spite of the fact that t! 
plastic clay contains an appre. 
ciable amount of free silica an 
the flint clay contains prac- 
tically none. The curves giving 
the changes in length for the 
pieces tested in air or in th 
atmosphere of burned gases an 
characterized by a slight but 
rapid expansion between 600° 
and 620° C. This expansion 
occurred after a slight contrac- 
tion which followed the slov 
i ae ee 2 ree ee expansion between 20° and 450 

0 200 400 600 6800 100 C. It was accompanied by 
DEGREES C. minor explosion which cracked 
hiGuRE 10.— Changes in length and _endo- the spec imens. The r: ipid con- 
oe Ce cceaggy ge during traction between approximately 
+ sta J Aaa piastic clay jrom 500° and 600° C, generally | nro- 
The eurves showing changes of ength forthe pieces of nounced in the flint clays, was 
SS SLencramanaarae® Vet slight in this plaatio clay, 
and hence the total shrinkage 
up to 1,000° C was small. The expansion at approximately 600° C 
was eliminated by pulverizing the material. Both the pieces an 
fines showed slightly greater contraction when tested in burned gases 

than when tested in air. 
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7. GEORGIA KAOLINS 


The results of tests of a Georgia hard kaolin" tested in air are 
own in figure 11 (left). The curves are very similar to those 
sas for the Kentucky, Missouri, and Ohio flint clays. The 

of pulverizing was to increase slightly the magnitude of the 
«pid contraction which occurred between 500° and 600° C as well 
_s the total contraction up to 1,000° C. 

e heating curve for this kaolin is given in the same section of 
eure 11. It is similar to heating curves obtained on some of the 
fint clays 

{ bauxitic Georgian kaolin was pulverized to obtain a composite 
and the results of the tests are given in figure 11 (right). 
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hicure Ll.—Changes in length and endotierinic and exothermic effects during heat- 
ing in air of pulverized and unpulverized Georgia hard kaolin (left) and pulverized 
bauxitic Georgia kaolin and oolites taken from the latter (right). 


he bauxitie kaolin and the oolites showed two endothermic effects and one exothermic. Only the ooliles 
reflected the first thermal change by a large contraction between 200° and 300° C. 


The curve is similar to those obtained for the flint clays, except for « 
sight contraction evident between about 230° and 290° C. 

Specimens were made from oolites removed from the lumps of 
kaolin and pulverized to pass a No. 200 sieve. The manner in which 
the contraction of these specimens proceeded is shown also on the 
ight in figure 11. The first period of rapid contraction occurred 
between 230° and 315° C, the second between about 485° and 580° 
( ) and the third between 970° and 990° C. 


‘The dehydration studies of the kaolin minerels by Ross and Kerr, The kaolin minerals, U. 8. Geological 
rvey, Pro fessional Paper 165-E (1930), Halloysite ‘and allophane, U. 8. Geological Survey, Paper 185-G 
1-35), show that these minerals lose water very slowly from room temperature to just beiow 400° C and 
ery rapidly between 400° and 500°C. The period of rapid dehydration for both kaolinite and balloysite 
in most cases been completed before 500° C had been reached. The data on change of length obtained 
le present study indicated that a slow expansion occurred during most of that interval. Also, the 
mperature range of the first period of greatest contraction, which took place in the Georgia kaolin (also 
th hat of the flint clays, except the Dean), occurred between 500° and 600° C. The higher temperature range 
n° , bo 600° C) at which dehydration of the kaolin occurred in the present study could be accounted for 
he fact that a continuously rising temperature was used in making the tests, whereas the range (400° 

900° C) of rapid dehydration reported by Ross and Kerr was based on losses obtained at constant tem- 

eratures. 


168819—39——8 
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The heating curves for the bauxitic Georgia kaolin and for th 
oolitic material appear in figure 11 (right). In each case a laro 
endothermic effect took place between about 240° and 320° C, which ; 
reached its maximum at about 290° C. This effect was proba bly 
due to the presence of gibbsite. 2 Although the oolitic material showe, 
such a pronounce od change in the contraction curve in that temper rature 
range, the bauxitic kaolin showed only a slight irre gularity in its 
eurve though the endothermic change was large in both instance 
Both materials showed an endothermic change in the ter nperatur 
range within which the clay molecule breaks down. In the case ; 
the oolitic material this indicated the presence of kaolin, as also did 
the slight exothermic change between 960° and 990° C. 


8. DIASPORE 


The results of tests of pieces and fines of diaspore are given in 
figure 12. This figure shows that a slightly greater expansion oe. 
curred in the pieces between room temperature and 450° C than was 

the case with the flint clays, 
The contraction which occurred 
between 450° and 510° C was. 
however, low (0.5 percent) com- 
pared to that shown by the flint 
clays. <A gradual expansion was 
shown between 510° and 1,000 
C, which was the reverse of the 
trend shown by the flint clay 
Also, no period of rapid contra 
tion was shown between 900 
and 1,000° C such as occurred in 
DEGREES | the flint clays. Pulverizing the 
Figure 12.—Length changes and endo- material had little effect on its 
thermic effect during heating in air of expansion up to 460° C. The 

diaspor from Missouri. entire contraction (less than 0.1 

percent) between 460° and 490° 
C caused scarcely more than a ripple in the curve, and from there 
to 850° C very little change took place. However, between 850° 
and 1,000° C a rather large contraction occurred (1.5 percent). 

The heating curve showed but one break and that was due to a 
endothermic change which occurred between 400° and 600° C and 
reached its maximum at 500° C. The endothermic change was rather 
large, but only a slight change in length occurred in this temperature 
range. 

9. ZETTLITZ KAOLIN 


The results of two tests of Zettlitz kaolin are shown in figure 13 
Tests by W. Steger * failed to show the rapid contraction between 
500° and 600° C. It was for that reason that a sample of Zettlitz 
kaolin was tested. The same heating rate (2.5° C/min) was used 
with this kaolin as was used in all other tests; and, in addition, a 
heating rate of 6° C, as used by Steger, was tried. Both curves 
(fig. 13) show the period of rapid contraction between about 540° 


12 Unpublished data, H. Insley. 
18 Ber. deut. keram. Ges. 19, 2 (1938). 
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nd 600° C, though the higher heating rate caused the contraction to 
barca over a slightly greater temperature range. The total 
ction at 1,000° C was about 3.25 percent, which is considerably 
r than the 1.75 percent shown by Steger. The large difference 
oy el indic ate that the two kaolins may have been of different purity. 
J, F. Hyslop and A. MeMurdo 
re ported on changes in length of 
an English china clay and of a Mis- 
suri halloysite, but in neither case 
d they show a period of rapid con- 
raction between 500° and 600° ¢ 
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10. REPRODUCIBILITY OF 
RESULTS 


Tests were made on each of two 
sets of specimens prepared from the 
same small batch of fines of the al | 
\Missouri and Kentucky clays to ) 200 400 600 800 1000 
determine the reproducibility of DEGREES € 
the data on change of length. In Fievre 13.- Changing the rate of heat- 

ch case, the difference in results mg from 2.5°C to 6°C per minute 
hetween the first and second tests does not greatly affect the results in 
clues teas 1 tenant of tin tated measuremenis of change of length 
was less than 1 percent ¢ 1 ba during heating in air of Zettliiz kaolin. 
length change. 

TT} -a +} . ital . si 1 " 

[he peaks of the endothermic and exothermic changes made on 
juplicate samples of Missouri clay in air and in burned gases, and also 
f Kentucky clay in air only, did not vary more than 2° C between 
the first and second tests, 


CHANGE IN LENGTH, £ 


V. SUMMARY 


A study was made of the changes in length and endothermic and 
exothermic effects between room temperature and 1,000° C in nine 
lint clays, three kaolins, and one each of a diaspore and a plastic 
lay. Also, their pyrometric cone equivalents were determined and 
ome microscopic examinations were made. 

The following results were noted: 

All the flint clays (except one mined in Pennsylvania), as well as 

‘Georgia and Zettlitz kaolins, showed a slight expansion between 
room temperature and approximately 500° C, a rapid contraction . 
onsiderable proportions between approximately 500° and 600° C, 
ctadual contraction between about 600° and 925° e, a rapid nonkine- . 
tion between approximately 925° and 980° C, and a slower contraction 

vain from there to 1,000° C. The Pennsylvania (Dean) flint, 
‘hich was one of the exceptions it 1 the unpulverized condition, showed 
sharp expansion between about 540° and 590° C, but when pul- 
erized through a No. 200 sieve acted similarly to the other flint el: ays. 

In general, the pulverized clays showed greater total shrinkage up 

0 1,000° C than the unpulverized. 

Also, the ranges in temperature in which rapid contraction took 
aay were slightly lower for the fines than for the coarse material. 
he Missouri flint clay showed no differences in these ranges when 
the two types of specimens were prepared from adjacent material. 


Trans. Ceram. Soc. 37, 180 (1938). 
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Much variation in the magnitude of the rapid contraction dy 
heating occurred in specimens prepared from different lumps of 
sample of flint clay as wellas from the samelump. The nonuniform 
of the clays could re: adily be determined by visual examination. 

The one plastic refractory clay tested showed very little contracs 
in the 500° to 900° C range, but between 900° and 1,000° C shox 
approximately the same as that shown by some of the flint clays 

Most of the clays showed slightly greater contraction in an atny« 
phere of the products of gas combustion than in air. 

Endothermie reactions took place between approximately 47: 
and 575° C and exothermic reactions between about 940° and 9 i()° 
in all the flint clays, the plastic clay, and the Georgia kaolin. 7 
temperature ranges during which these reactions occurred ¢ 
sponded fairly closely to those in which rapid contraction took pl, 

The bauxitie Georgia kaolin contracted rapidly during two rang, 
of temperature, namely, approximately 480° to 540° C and 970°; 
990° C. A slight inflection or temporary reversal in trend fro; 
expansion to contraction to expansion was also indicated bety,e 
250° and 310° C. A pronounced endothermic effect was observe 
at the lower range of temperature and a moderately large one with; 
the intermediate range. An exothermic effect was observed wi 
the highest range. 

The oolites from the bauxitic Georgie kaolin showed fairly | 
nounced contraction during three ranges of temperature, namely 
approximately 250° to 310° C, 480° to 560° C, and 970° to 990° ¢ 
An unusually large endothermic effect was observed at the lowe 
range and a rather small one at the intermediate range. The exo- 
thermic effect, which reached its maximum at 980° C, was small. 

Diaspore showed contraction during one stage only, namely 
between 450° and 510° C, and but one heat effect, namely, an endo- 
thermic one between 450° and 510° C. 


WasuHineton, March 1, 1939. 
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SECOND SPECTRUM OF CHLORINE AND ITS STRUCTURE 
By C. C. Kiess and T. L. deBruin 


ABSTRACT 


New wave lengths of Clit, extending from 9483 A, in the infrared, to 2100 A 
the ultraviolet, have been derived at the National Bureau of Standards from 
servations employing Geissler-tube and electrodeless discharges as light sources 
hese, together with unpublished observations of the Schumann region made by 
thers, have been used to extend the analysis of the term system of Clu. New 
terms have been added to the partially known quintet and triplet systems, and 
singlet system has been established. All three systems are linked together 
with intersystem combinations. Series of 5S and °S terms, with 4S of Clim as 
their limit, and of 3D terms, with 2D of Clit as their limit, are in excellent agree- 
nent in fixing the value of the deepest term at 192,000 cm=!, whence an ionization 
otential of 23.70 volts is derived for Cl. 


CONTENTS 


I. inteoauction: =... <<<... 
II]. Experimental procedure- 
[its NORUNBes oo co 8 oes Sed = 
1. Wave lengths and intensities - 
. Term structure . 


) 
3. Series and ionization potential_ 
4. Comparison with similar spectra. 


I. INTRODUCTION 


The description and analysis of the second spectrum of chlorine 
presented in this paper are an outgrowth of the investigation, mad¢ 
10 years ago at the National Bureau of Standards,' of the spectrum 
mitted by neutral chlorine atoms. The observations on which that 
earlier work was based yielded a list of additional wave lengths that 
were recognized as characteristic of the spectrum emitted by singly 
ionized chlorine atoms. At that time a beginning had already been 
made on the analysis of Cli—the spectral regularities first detected 
by Paulson * among the visible and ultraviolet lines had been extended 
and interpreted by Paschen;* and the triplet groups first observed 
by Hopfield * in the Schumann region had been subsequently verified 
and extended by Bowen.5 To the lines classified by Paschen a new 
croup had been added by the Blochs.* The multiplets that we worked 
ont from our new wave-length data were found to link together with 
those already known from the work of the earlier investigators; 
therefore, we decided to carry on the analysis to the extent warranted 
by the obtainable observational data. 

C. C, Kiess and T. L. deBruin, BS J. Research 2, 1117 (1929) RP73. 

E. Paulson, Astrophys. J. 40, 299 (1914). 

‘F, Paschen, Ann. Physik 71, 559 (1923). 

‘J.J. Hopfield, Phys. Rev. 26, 282 (1925). 


‘I. 8. Bowen, Phys. Rev. 81, 34 (1928). 
‘L. and E. Bloch, Ann. physique [10] 8, 402 (1927). 
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As the analysis progressed with the aid of our own and publis| 
wave lengths, notably those of the Blochs, we realized that the 5 
trum had not been sufficic ntly well observed to permit the theo 
term structure of Cl 11 to be worked out fully. Accordingly 
series of observations was planned to cover those regions of the 
trum that hitherto had been inadequately observed. 

While this work was in progress, Murakawa began the publicat 
of the results of his observations and analysis of Clu. His fin, 
have been presented in a series of six papers.” As Murakawa’s analys; 
was, for the greater part, in harmony with our own, we felt that ay 
additional publication on the subjec *t should represent an analysj 
that was approximately complete. This status was nearly reac) 
in 1932, at which time a description of our results was presented : 
the American Optical Society at its annual meeting.’ To aid in gp. 
proaching this goal, we have had at our disposal the unpublisho, 
lists of observations of the extreme ultraviolet made by Bowen, by 
Weinberg,’ and by Boyce. 


II. EXPERIMENTAL PROCEDURE 


Both Geissler tubes and the electrodeless discharge were used | 
obtain the spectra emitted by ionized Cl atoms. The Geissler tubes 
and their behavior under different conditions of excitation have already 
been described in our paper on the arc spectrum. Although they 
emitted the visible portions of the spectrum with considerable inten 
sity, they proved to be relatively weak in the violet and shorter re gio 
owing, in part, to the scaly deposit that formed within the capill 
of the tube. Furthermore, many of the lines excited by the hichlt 
condensed discharge were broad and fuzzy, the fainter ones being 
particularly difficult to measure. 

To obtain a source emitting sharp lines, and intense in the ultravio- § 
let, we adopted the electrodeless discharge, which has been employ 
so effectively by L. and E. Bloch, and others, in studying the spect 
of the halogens and other elements. The tube was a Pyrex cylinder 
12 em long and 6 em in diameter. To one end of it a fused-quartz 
window was cemented and to the other end was sealed the connectioi 
for the vacuum line. The chlorine was supplied by the decompositior 
of specially purified and dried NaCl, about a gram of which was intr- 
duced within the tube shortly before the observations began. During 
operation, the tube was continuously open to the vacuum line, whic! 
was maintained by a Hickman " diffusion pump supported by a fore- 
pump. The exciting field was maintained by the discharge of ive 
condensers rated at 0.002 uf each, and connected in parallel throug 
a coil surrounding the tube and in series with a 2-cm spark gap. Th 
coil consisted of 11 turns of No. 8 bare copper wire, each turn beinz 
8 cm in diameter. The condensers were charged from a 40,000-volt 


7K. Mureakawa, Sci. Papers Inst. Phys. Chem. Research (Tokyo), 15, 41 (1930); 14, 105 
(1933). Z. Physik 69, 507 (1931); 96, 117 (1935); 109, 173 (1938). 

&C. C. Kiess and T. L. deBruin, J. Opt. Soc. Am. 23, 121 (1933). 

°F. Weinberg, University of California Master’s Dissertation (1925). 

1K. C, D. Hickman and C. R. Sanford, Rev. Sci. Instr. 1, 140 (1930). 
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mer, the primary of which was connected to mains supplying 
15 to 20 amp at 110 v. 

[he spectra were photographed with the grating and quartz-prism 
irographs of the National Bureau of Standards. These instru- 
ts have been adequately described in previous publications.! 
9\-foot concave gratings ruled with 7,500, 15,000, and 20,000 

er inch were used in recording the spectra between 2200 A 
ultraviolet and 9483 A in the infrared. The qi lartz-prism 
ographs were used to record the ultraviolet portion of the 

Ne between 2000 and 3500 A. E yaa times ranging from 

‘ow minutes up to 4 hours were required for the electrodeless dis- 
arze: but for the Geissler tubes longer exposure times, up to 20 

is, were needed. At! of the spectrograms were also exposed to 
he iron are to obtain the standard wave lengths” needed in the 

luctions. 

When the 21-foot concave grating, ruled by Wood * with 30,000 
nes per inch, became available, some additional obse a gs were 
made in order to resolve certain lines known to be complex from the 
results of the analysis. The source used for this final set of observa- 

ns was a condensed discharge through a Pyrex Geissler tube. 

The observ ations from which we obtained our first results for Cl 11 
ere made prior to the advent of the new types of Kastman photo- 
‘raphic plates. Jor these earlier observations we used ordinary 
late s sensitized by bathing in dye solutions in order to record the 
ions of longer wave length. The new types of plates used for 

observations of the electrodeless discharge and subsequent 
Geissler tube observations gave us an improved description of the 
long-wave portion of the spectrum that has furnished the clues for 
ying together the singlets and quintets with the more extensive 


1 


triplet system. 


III. RESULTS 
1. WAVE LENGTHS AND INTENSITIES 


‘he wave lengths that are characteristic of the spectrum emitted 
y singly ionized chlorine atoms are listed in the first column of 
tables 1 and 2. All of those extending from 9483 to 2100 A were 
lerived from measurements of the spectrograms obtained at the 
National Bureau of Standards. They represent the means of from 
2 to 10 or more measurements of the grating and prism observations 
\ few lines, measured on only one plate, have been corrected by 
mounts necessary to reduce the plate to the mean of the others. 
[he intensities assigned to the lines are the usual visual estimates 
and are not comparable between widely separated regions of the 
spectrum. The letter 6 following an intensity indicates that the line 
is diffuse in the electrodeless discharge; d indicates that the line is 


le, 


Meggers and K. Burns, BS Sci. Pap. 18, 191 (1922) S441. 
an "Anite on. Union 3, 77 (1928). 
t. W. Wood, Nature 140, 723 (1937). 
E. K. Mees, J. Opt. Soc. Am. 23, 229 (1933). 
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TABLE 1.—Wave lengths in the second spectrum of chlorine 


Intensity Vyaccm! Term combination 


00 ; 10542. (?D)3d *D3— (?P)4p ?P, 
8820. 70 5 11333. | 
96 11912. (4S) 3d *Di— (48) 4p 3P, 
8382. 76 11925. (48) 3d *D3— (48) 4p @P 
8361.81 | 11955. & (48) 3d *D3— (48) 4p *P, 


8360. 63 | § | 11957. £ (48) 3d *D3— (4S) 4p sP, 
$353. OO : 11968. < (4S) 3d *Ds— (48) 4p *P, 
8272.38 | 3 12085. 

8184. —— | 12214. 4: 


76 ‘ | ay aledea (2D)3d *Di—z’ 
7644. &i | 13077. 1 ?@P)4p 1D.— (2D) 4d *F3 


7620. 51 | é | 13118. 88 D)3d *D3—z’ 
7578. . 85 (2D)3d *D3—2’ 
7565. 5% ; } | 

7389. 28 | 3529. « 2D)3d *P3—2’ 
7147. § 3 3986.47 | ?P)3d *P3— 4s’ 3P, 


7074. 98 { 30. 45 (2P)3d *P3— 4s’ 3P, 

6993. $ ‘ 4295.53 | (D)3d*Gj—(@D)4p 3D, 
6952. 1; 2: 380. 15 (?P)3d *F3—(?P)4p *D, 
6930. 4: 25. @P)3d 3F3— (2P)4p 32D, 
6850. § 594. (?P)3d *F3— (2P)4p *D, 


6841. 86 . 88 C?P)3d *F3—(@P)4p 2D, 
6831.62 | ; 14633. 7§ (?P)4s 1P7}—(?D)4p ID, 
6759. 4: 3! 14790.09 | ?P)3d *F{—(@P)4p 3D, 
6713. 4: é 14891. ¢ (?1D)3d *G3— (2D) 4p 3F, 
6686. : 14952. 42 (?D)3d *Gj—@D)4p 2F, 


6681. F 14963. (1D)3d *G3—(@D)4p 2F, 
6661. 6! 7 15007. | (21D)3d *Gi— (2D) 4p 3F, 
6653. 7: 2: | 15024.98 | (2D)3d*G3j—(@D)4p 3K, 
6556. 3! 15248.08 | (@P)4p 1D,—(?D)4d 2D3 
6522. 38 15327. | (D)4p 3D3— (S)4d 3D: 


?D)3d 8Gi— @D)4Ap 1} 
(2D)4p 31D3— 4S) 4d 3D5 
CD)4p *D.— (48) 4d 3D3 
21))4p 2 D.— (48) 4d #D3 
27) ip 32); -(48)4d 3Ds 


6399. 41 5622. 1 (2P)3d 3P3— (2P)4p *P, 
6391. 3 r 5641. (2P)3d 3P5— @P)4p 3P, 
6385. 5 | 15656. 1. 2D)4p 2D,— (48) 4d 2De 
6384. 1: : 5659, ! (@D)4p *D,— (48) 4d *D} 
6366. 3 


6365. 95 ot 5704. 24 
6364. 8§ : 5706. 86 
6243. F 9013. 52 (4S)4s 3Si;— (48S) 4p SP, 
6227. 18 ) . 20 (4S) 4s 3Si— (4S) 4p SP, 


6094. | 16403.30 | D)4s 1D3—(?D)4p 'P; 


5922. 33 | 16880. 58 | 
5790. 5 | 17264.89 | (D)4s 'D3—(@D)4p 8D, 
5763. 7 17345. 17 

5744. 17403. 87 @D)4s 1D3—(?D)4p 4D; 
5634 S 17741. 82 (21D)3d 'P3}—(D)4p 'P, 
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Wave lengths in the second spectrum of chlorine—Continued 


Intensity VyaccmM! Term combination 


17952. 18 
18060. 57 
18318. 4: 
18319. 
18322. 


@D)4p 1D.— (?2D)5s 1D; 
(??D)4s 1Ds— (?D)4p 3F3 
(4S) 3d 5—)3— (48) 1p 5p, 
(48) 3d 5Ds— GS)4p 
(48) 3d 5Ds— (4S) 4p § 


i 
¥ 
! 
T 
a 


1 
18360. 4 
18362. 9° 
18365. 


(48)3d 5D;— (4S) 4p SP, 
(48)3d 5D3— (4S) 4p SP; 
(48)3d 5D3— (CS) 4p SP, 


2 29f 
. 00 


5099 


5098. 


5078. 


5068 


£995, 


4970 


$943, 


1936. 


193 


4928. 


1925 
4924 


1994 
4922 


. 08 
. 04 
. 30 
34 
25 
. 10 
o2 
. 12 


24 


Loi 8) 
16 
96 
ag 
. 83 
. 28 


. 14 


Ae) 


4917. 72 


1914 
4907 


. 32 


ef 


18430. 2: 
18433. 


18434. 
18464. 
18519. 1! 
18540. 4¢ 


18664. 98 


18725. 
18743. 
18914. ; 
19045. 
19057. 98 


19146. é 
19159. 
19251. 2: 
19263. { 


19315. 


19325. 2 
19365. 
19371. 
19379. 
19448. 2: 


19551. 
19586. 
19590. 
19605. 
19608. 7 


19686. 
19725. 
20012. 
20114. 
20224. 


20249. 6: 
20271. 
20285. -« 
20298. 
20299. 


20301. 
20310. 
20328. 
20343. 
20372. 


(48)3d 5D3 
(48) 3d 5D3 


(4S)3d 5T)s5 
(2P)3d 1Ds 
?P)4p IP; 
(2D)4s 1Ds 


(2D)4s #D3 
(7] ))48 3DF 
(48)4p #P. 
(4S)4p *P, 
(48)4p *P,- 
(4S)4s 3S? 
(48) 48 35} 


(4S)4p 3P, 
@P)3d 1D3 


?D)4p Iip,— 


(4S) 4p 3P, 
(48) 4p 8P, 


GS)4p 3P, 
2D)4p 3P, 


(21))4s *D3 
2DP)4s 3D3- 


(?D)4s 3D3— 


(2D)48 3Dj- 
(?D)4s 2D} 


@2D)4s 3D3 
(27))4s 3D3 
(21))3d3F§ 
(21D)3d3F3 
2P)3d'P% 


(27)) 3d 3I 

2D)483)3 
(2P)3d3D3 
(22)3d3F3 
@P)485P3 


(2D)3d4F5 


2 (4S)4p 5P 


(48) 4p 5P 


(4S) 4p ®P, 
2P)4p 3D 


(2])) 4¢/ 1Pps 


CD)4p IF; 


CD)4p 1p, 


-(21))4p !P, 


(2D)3d *P3 


-(21D)3d *P} 


(2D)3d *P} 


(68) 4p 8P, 


-(4S)4p 3P, 
(48) 4s 3si— 
(48) 4p 3P.— 


(48) 4p 3P, 
@D)3d *Ds 
QD)3d *D3 
(P)4p 1D» 
(?D)4d #F3 


C2D)3d *D3 
(2D)3d 3D} 


(21))3d *Dt 


($8) Bs 38; 


-2D)4p *D, 


2D)4p *D; 
(2D)4p 3—, 
(??D)4p *D, 
2D)4p *D, 


@D)4p 3D; 
2D)4p *D, 


-?@D)4p3D; 


@D)4p3D, 
?P)4p'D, 


2D)4p3D; 
CD)4p3F, 
(?2P)4p3P, 

CD)4p4D, 


(?2D)4s3D3— ( 


(?2D)4s 38D} 


2D) 483D3— ( 


(2P) 4s *P7 
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TABLE 1.—Wave lengths in the second spectrum of chlorine—Continued 


re | Intensity ¥vaccm~! Term combination 


4904.76 | 13: 20382. 68 ?D)4s*D3— (?D) 4p 5F; 
4898. 94 20406. 90 ?P)4s3P3— (?2P)4p38, 
4896. 77 201 20415. 94 2D) 4s3D3— ?D)4p3F, 
4891. 62 d 20437. 43 CD)3d2F 2D) 4p 3D, 
4877. 70 20495. 76 2D) 4p *P,—- (2D) 58 3D 


4874. 94 2 20507. 36 

4857. a 20582. 94 ?@D)4p3P,— ?D)5s*D3 
4847. é 20625. 28 | (?P)3d%D3— (??P)4p 8P, 
1842. « 8 20645. 00 | (?P)3d*D3— (2P)4p3P, 
1836. 7§ ; 20669. 11 | ?D)3d3Fy— ?D)4n*F; 


1833. 5 ; 20683. 1! 2P) 4p 3P;-— (?2P)5s3P3 
1829, 23 | 3 20701. 47 | 2P)4p3P,— (?2P)5s3P2 
4821.87 | y 20733. 07 ‘| @D)4s1D3— 2@D)4p3P, 
‘ Sate | (2D)4p%P,— ?@D)5s3* D3 
4820. 9: 20737. 2P) 4p 3P,— @P)5s3Pz 
1819. 7! 2! 20742. { @D)3d3Fy— ?D)4p3F, 


4819. 46 2( 20748. 4: 4$)4s 5S3—(4S)4p ‘PP; 
4811. ; : | 20777. 4! ?D) tp *P;— CD) 5s3D3 
4810. 06 22e | 20783. 9 us 4s 585—(4S)4p 5P, 
4809.05 | | 20788. ; ?D) )4p 'D.—(D)4d Fy 
4807. 6! é 20794. 26 (P)4p 3P,— (2P)5s *P3 


4803. 20813. 83 | (? CP) 4p *P,—(?P)5s *P3 
4798.40 | 5 20834. 4 D)3d2F3— (2D)4p 3F, 

4794.54 | 2 |} 20851.25 | (48) 4s 583s— (4S)4p 5p, 
4792.04 | | 20862. 1 | @D)4s*D3— (2D) 4p !Fy 
4785.44 | 6 | 20890. § ?P)4s *P3— (?P)4p *D, 


4784. 46 | | 20895.18 |  (P)3d3D;—(P)4p 3P, 
4781.82 | 5 | 20906. | (@D)3d3F3—(@D)4p °F; 
4781.32 | 75 | 2090890 | (P)4s *P3—(P)4p *D, 
4780. 02 1 | 2091458 | OP): 3d°Di—(?P)4p 3P, 
4778. 9: 45 20919.36 |  (P)4s8Pr—(P)4p 8D, 


6 20930.52 | (@P)3d*Dt—(@P)4p 4P, 
1 } 20951. 2: (?P)4s 1P7—(?P)4p !D. 
1.09 | « | 20953.73 | (P)4s *P3—(?P)4p 3D, 
58 20964. ¢ (2P)4s 3Ps— (?2P)4p *D, 
5 20979.19 | (D)3d3F3—(?D)4p °F, 


21021.80 | (D)3d3F3—(?D)4p *F, 
21031. ?D)4p3Pp—(48)5d 3D} 
21052.66 | (D)4p3P,—(S)5d 3D3 
21089. 36 P)3d'D3—(?P)4p 'P, 
21093.75 | (?D)3d3F3}—(@D)4p °F; 


21098. 24 | (?D)4p3P,— (68)5d_*D3 

21174. 12 2D)4p3P.— (48) 5d *D3 

21206. 2: ?D)4p3P,— (4S)5d *D3 

21209. 7 

21376. 5 (?P)4s 1P3— 4s’ *P, 
ota 1. (P)3d!D3— (@P)4p 3P, 


21470. 9¢ (48)3d 5D3— (¢S)4p *P,2 
21603. 

21618. 58 

21683. 15 | 

21696. 65 | ?P)4s*P3— ?@P)4p'!D, 
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ave lengths in the second spectrum of chlorine—Continued 


Intensity YVvaccm™! Term combination 





21769. 55 ?P)4s%P}— (2P)4p 1D, 
21804. (4S) 4p §P.— ?D)3d 38} 
21807. 59 | 

21816. 53 | (48) 4p 3P, — (2D) 3d 3S? 
91¢e8 If (4S) 4p 8P.— (48) 5s 383 
21860. 1. 4 > aK 
1869 (4S)4p 8Py — (48) 5s 383 
21878. 50 (4S) 4p 2P, — (48) 5s 387 
21998. £ (??P)3d!P}— (?P)4p'P, 
22018. 87 | 

22023. 92 


22035. § 


22047. 7 
22121.68 | (2P)4s%P3— 48’ 8P, 
22194. 95 ?P)4s *Pj—4s’ *P, 
4s’ 3P,— (?P)5s °P3 
(2P)4s 3P§5—4s’ 3P, 
(2P)4s 3P3— 43s’ 3P, 


4s’ 3P,—(2P)5s %P3 
(2P)4s 2P{—4s’ *P, 

4s’ §P;— (2P)5s 

4s’ 83P;— ?P)5s 

4s’ §P,— ?P)5s 

4s! sPy— (?P)5s 


(?P)4s 1P3--?@P)4p 
(2P)3d 3D3—z’ 

@D)4p 1F,— (?D) 5s 
(?2D)4s 3D3— (2D) 4p 
(2P)4p 3P,— ?P)4d 


(D)4s *Ds— @D)4p 
?D)4s *Di— (?@D)4p 
(2D)3d %D3—z’’ 
. ?P)3d *D3—z2’ 
1307. 4! : 23209. 2: (?D)4s *D3— (2D) 4p ' 


1304. 07 d 23227. 31 (?D)4s §D?— (2D) 4p 
1302. 1¢ 23237. 95 (D)3d *D3—zx’’ 

1291. 76 | 23293.93 | @D)4s *Dj—(@D)4p 
1290. | 23298. | 

4276. £ ‘ 23377. | @D)4p *Fy— (2D) 5s *D3 


23409. ?D)4n 3F;— (2D) 5s D3 
23449, ?D)4p 3F;— (2D) 5s *D3 
23460. (D)4p 3F,— (2D) 5s *Dj 
9247 | (?P)3d §Di—z’ 

aaa @P)4s 3P:—(°P)4p !P, 
(?D)4p ?F,— (2D) 5s *D3 


40 | (4S) 4p 5P,— (48) 5s 583 
|  (48)4p 5P,— (48) 5s 683 
.40 | ?D)3d *P3—2’’ 
é if @P)4p *D.— @P)5s *P¥ 
23603. 39 (D)4p 1F,— (2D)5s 1D3 
23611. 20 (4S) 4p SP, — (48) 5s 583 





$150 Sours 


TABLE 


“air 


»« 
2: 
Uy 
2 


4! 
4 
42 
42 
4 


4208. 
$205. 


1. 


A 


33. 60 
Zi. ot 
24. § 
21 
1S. 


92 


. 80 


76 


03 


O7 
54 


31. 58 
9. 08 


. 65 


ral oF 
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Wave lengths in the second spectrum of chlorine—Continued 


Intensity 


VeyacCM I 


23613. 
23648. 


23850. 


23866. 3 
2050 
23876. - 
23878. | 


238584 


23888. 
23910. 


23918. 96 
23970. 25 
23996. 5 


24048. ¢ 
24044. ¢ 


24053. 
24066. 
24083. 


24106, 5! 


24110. 


24130. 0 


24181. 


24184. § 


24191. 
24195. 
24201. 3 


24204. 98 


24229. § 


24234. 6 


24241. 
24251. 


24271. 8 
24503. 6% 


24515. 35 
24535. 9¢ 
24608. 2! 
24638. 6 


24651. 


24658. 
24670. 
24674 
24690. 
24717. 


Term combination 


?P)4p 2D,— @P)5s 3P5§ 
?@P)4p 3D,— @P)5s 3P3 
CP) 4p #D. (2P)5s 3P3 
?P)4p *D.— @P)5s 3P3 


(?P)4s 3P3— (¢P)4p 3P, 
?D)4p #*F,— (45) 5d 3D: 
(?P)4s 3P3— (?P)4p 3P, 
(?P)4s *P} — ?P)4p 3P, 
(27D) 4p 2B; — (48) 5d 2D: 


(?P)43 3P7--CGP)4p *P, 
(?P)4s *P?7-—-(@P)4p 3P 
(4S) 4s 9S} (48) tp *P 
*D)4p %h \5d 3 D3 


I 
C2P)4s 3P2 @P) tp #P, 
(48) 4s 5S3— 4S) 4p 3P 


CD) 4p 8F,— (8) 5d *D3 
(?D)8d 1D3 UD)4p IP, 
(??D)4p 3k, (7 1S) 5d *Ds 


(2D)5s Ds 
(D5)s D3 


(21))49 3D3— ?D)ds 2D 
?P)4p 3P,;—(?P)4d 3P? 
(?P)4y 3P,—(?P)4d 3P3 
2@D)4p 3D,— @D)5s 8D 
@D)4p 7D, — ?D) 5s *Di 


?2D)4s 1D3s— ?D)4p 1D, 
GP)4p 38;—(C@P)5s *Pi 
(2D)4p 3D» ?D)5s D3 
@D)4p a7), (2D) 5s *D5 
@P)4p *P,— @P)4d *D; 


@P)4p 3Py—(?P)4d *Pi 
(?D)4p §D,— (2D) 5s D3 
?P)4p %P,—(?P)4d Pi 
(2P)4p 3Si—- ?P)5s 3P3 
(?D)4p 3D;— (48) 5d *D3 


4s’ 3P,— (?P)4d *Fj 
?D)4p 3D3— (48) 5d #D§ 


?D)4p *Dz— (48) 5d *D3 

4s’ 3P;— (?P)4d 2F3 
(??D)4p ?D,— (8) 5d 2D3 
(?2D)4p §D,— (48) 5d D3 
@D)4p *D,— (48) 5d *D}i 
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fapLE 1.— Wave lengths in the second spectrum of chlorine—Continued 


NatrA Intensity Vyaccm! Term combination 


1044. 24720. 48 (?2D)4p #D, — (48) 5d 3 Dj 
1040. 6: ¢ | 24741. 59 (?D)4p 3D;— @D)5s D3 
1036. 5. | 24766. 78 @D)4p FPyp— ED) 4d 2D 
1025. 6% 24833. 53 (?2D)4p 3P, —- @D)4d 3D 
1020. O6 o 24868. 25 CD)4p 2*P,— @D)4d 2D 


1018. ¢ : 24879. 51 C2D)4p 3D,— @D)5s IDs 

3995, 2 ) 25022. 67 GD)ip #P D)4d 3Ds 
3994. 64 2 25026. 49 

PA |} 25054. 40 2D)4p 3P,-- @D)4d § D3 

25067. OY @D)4p 'Py— 2D) 5s 2Ds 


25089. 55 
25106. 31 
25166. 29 
25174, 34 
25194, 52 


25268. 70 

25282. 37 (2D)4p 1D, 21))4d ' Ds 

25309. (S)4p %Po- tp! 3P: 

25321. 76 (S)4p 8P)— 4p! 3Ps 
@D)4p *F,;— @D)4d #F3 


3K, — ?D)4d 3F3 


))4p 2Fy-- @D)4d 3F3 
(D)4d sks 
@D)3d 'Pe—(@D)4p 1D» 


@D)4p *F,— ?D)4d *¥G 

?D)3d IFg—(@D)4p 3k, 

@D)4p 3F.-—- (?@D)4d #F 

é ¢ CD)4p $F, — (21D) 4d 4k 

3901. &¢ 5 25621. ; 1s’ 3P,— (2P)4d *P3 


3 
4 


3901. 1: 25626. 43 (S)3d *Dj—@D)4p 'P, 
3899. : 25638. 5! ?D)4p 1Fs— ?@D)4d *Gq 
3898. 4: 3 

3894. 5:! ‘ 25669. 66 (48)3d 313—(@D)4p IP; 
3886. 6: 25721. 97 4s’ 3P;— (2P) 4d *D3 


3883. St 25740. @D)4p 'P,— @D)5s 1D3 
3874. 85 ‘ 25800. 16 

3868. 6: 25841. (2P)4p 3D3— (@P)4d 3Fj 
3864. 6 : 25868. 5$ (P)4p §D3— (2P)4d 3F3 
3861. 9: 25886. 3 @P)4p *D:— ?P)4d 3F3 


3861. . 25890. 0: (48) 4p 5P3— (#8) 4d D3 

3860. 98 25892. 84 (48) 4p 5Py— (4S) 4d 5D3 

3860. 8 25894. 0% (48) 4p §P3— (48) 4d 5D5§ 

a ‘ — (48) 4p 3P:— 4p’ *Pi 
IF QVK 

3860. 0! 20509. (48) 4p 3Pp— 4p’ 3P} 

3859. 25905. 4s’ 8P,— ?P)4d 3Pi 


3854. 7! 25934. ?P)4p *D,— ?P)4d #F3 
3851. 25955. (4S)4p 5P,— (48)4d Dj 
3851. 25957. (48)4p 5P,— (48) 4d 5D3 
3850. 25960. (48)4p 5P,— (4S)4d D5 
3849, 25971. | (@D)3d 1F3—(@D)4p 'F; 
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TasLE 1.—Wave lengths in the second spectrum of chlorine—Continued 


| . | | mr ° r 
AsirA | Intensity Vyaccm! Term combination 








3845. | 30 | 25994. (48) 4p 5P,— (*S)4d 5D5 
3845.69 | 75 | 25995.79 | (48) 4p 5P,— (4S) 4d 8D 
3845.42 | 50 25997. |  (48)4p 5P,— (48) 4d 5D3 
3843. 100 | 26012. (2P)3d 1P;—(@P)4p 18, 
3838. 20 | 26045.36 | (D)4p *F,—(?D)4d 5G; 


3833. 200 =| 26079. | (D)4p 8F,— @D)4d 8G; 
3830. 8 15 26096. 83 | (2D)4p #F;—(?D)4d 3G} 
3829. 15 | 26107. |  @D)3d 'D3—(@D)4p 1F; 
3827. 5 | 2611851 | (?D)4p %F;—(D)4d *G: 
3820. 2: 26168. | (D)4p 3F:— @D)4d #G} 





3818. | 30 | 26181.58 | (@D)4p *D;—(?D)4d 2F; 
3815. | 26201. (S)4p 3Pi— 4p’ 8Ps 
3810. | § | 26238.61 | (2D)4p 2D:—(@D)4d #F3 
3809. 4 26242.67 | (?D)4p *D,—(?D)4d *F3 
3805.24 | 75 | 26272. | (2D)4p 3D,— @D) 4d 8F; 


3798.80 | 5 | 26316. @D)4p *Ds— (1D) 4d #F; 
3793.75 | 2: 26351. 

3781.23 | ; | 26438. | (@D)4p 1F;—(@D)4d 1F} 
3776. = | 26474. @D)4s *D3— (2D) 4p 1D, 
3774. 2! | 26487. (4S)3d *Di—?D) 4p 8D, 


3773. 2 | 26491.8 | (48)3d *Dji— @D)4p #D, 
3770. | 26512. (?D)4s *D3— ?D)4p 1D; 
3769. | ‘ | 26523. 8 (48)3d *D3— (?D)4p *D; 
3768. } 26530. 8: (48)3d *D3— (2D) 4p °D, 
3767. £ | 26534. (48)3d *D3— @D)4p *D, 


3756.92 | 2 | 26610. | (D)4p 1Ds— (?D) 4d 1P} 
3750. ; 26659. |  (48)3d *D3— (2D) 4p *D, 
3748. | 15 | 26670. |  (48)3d *D$— (2D) 4p 3D, 
3738. | 26739. |  (@P)4s 1Pt—(2P)4p 1S, 

3733. 73 | | 26775. @D)4p *D;— @D)4d °G; 


3717. : | 26888. (?D)4p #?D,— (2D) 4d 3G3 
3705. & | 26978. (?P)4p 3D,— (?P)4d #P3 
3691. 88 | 5 27078. 8 (?P)4p *D:— ?P)4d *D3 
3688. i 27104. 0: (D)4p '1P;— ?D)4d *F3 
3673. 8 2éaii. (4S)3d *Di— (2D) 4p *F; 


3669. 27244. | (48) 8d *D3— 2D) 4p *F, 
3669. | 27246. |  (@D)4p1F;— (2D) 4d *D3 
3668. 2 27254.85 |  (48)3d *D3—(?D)4p °F; 
3659. | 27315. | (48)3d *D3— (21D) 4p *F 3 
3658. 2 27326. (4S) 3d *D3— (2D) 4p *F; 


3650. 27388.51 |  (48)3d *D3—(?D) 4p °F, 
3648. 27403. | (@D)4p *Py— (2D) 4d 28} 
3639. 1¢ 27470. | (2D)4p #P,— (2D) 4d 38: 
3623. | 27587. |  (@P)4p 38,— @P)4d 5P3 
3618. | 27625. | @D)4p *P)— 2D) 4d 48} 


27653. (@D)4p 4F,— 2D) 4d *D; 
27692. | 

27694. (2D)4p *F;— (2D) 4d *D3 
27726. | (@D)4p *F;,—(2D)4d *D3 
27728. (?P)4p 38, —(2P)4d *P} 


3615. 
3610. 
3609. 
3605. 
36085. 


Ors» NO © 
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TABLE 1.— Wave lengths in the second spectrum of chlorine—Continued 


| 


Intensity VyaccIn!~— | Term combination 


31.98 | (D)4p3F,—(D)4d 8D; 
35. 14 2D)4p *Pp>— @D) 4d *P} 


41.22 | (?D)4p 3P,—(?D)4d 3P% 
6. 64 (??D)4p *F,— (2D) 4d 3D3 
2.16 | (?D)4p *P,—(?D)4d *Pi 


?D)4p 3P,— (2D) 4d 3P3 

2! (?D)4p §P,— (2D) 4d 3Pj 
28018.62 | (D)4p *P,—(2D)4d 5P3 
28351. 6% C@D)4p *D;:— ?D)4d *D3 
28383. @D)4p §D:— ?D)4d *D3 


28414. &: (S)4p 5P,—4p’ 3P3 

28452. 0 | (21))4p *D.— (2D) 4d 3D} 
28455. 8 CD)4p 3D,— @D)4d D7 
28486. 86 D)4p 23D.— 1D) 4d 3D 
28490. 5 CD)4p 3D,— @D)4d 3D5 


28518. 96 (D)4p 2D, — ?D)4d D5 
28728. 9: 

28806. 9 

28992. § 

29228. 33 


29269. : 
29317. 
29352. 
29812. 
29841. 


(?D)4p 'P;— @D)4d Dz 
@D)4p 'P,;— @D)4d 2D} 
3p’ 1P?—(?D)4p 'P, 


o1S S10 & 


CO Co bo dO 


29956. (48)3d D7 — (2D) 4p 3P, 
29988. (48)3d 3D3— (?2D)4p >P, 
29999. (48) 3d 3 Ds — ?@D)4p 3P, 
30029. (48) 4p 3P2— (48) 4d *D3 
30067. (?2D)4p §P,— @D)4d 'Pj 


~~ 
Site. 


30110. 58 (4S)3d 3Dj— (2D) 4p 3P, 
30140. (4S)4p 3P.— (48) 4d *D3 
onike (4S) 4p ®P, — (4S) 4d 3 D5 
30153. (48)3d ?D3— (2D) 4p 3P, 
30177. « (48)3d *D?— (2D) 4p 3Po 
30221. (48) 4p 3P,— (48) 4d 3D} 


30235. (48) 4p 3P, — (48) 4d *Dj 
30508. (??D)4s 1D3— ?P)4p 1D, 
30934. Of ?D)4p !F;— (?D)4d !D3 
31022. 

31211. 2 








31220. 

31348. ?D)4p *D,— (2D) 4d *P3 
31364. (??D)4p *D,— (2D) 4d 2P3 
31420. @D)4p *D,.— (2D) 4d *Pi 
31425. | @D)4p *D,— @D)4d 3P} 


31433. 2 

31467. 

31484. | (@D)4p *D,.—(?D)4d 3P3 
31500. | 

31511. 
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TABLE 


— Wave lengths in the 


3170. ‘ 


3169. 
3161. 


3160. 5: 


3147. 


3125. § 


3125. 44 


3124. 
3123. 
31721. 
3119. 
3096. 7 


3092. » 
8092 > 


3069. 
3058. 
3053. 
3045. 
3042. 


98 
oO 
tm 


62 


82 
72 


90 
9 


ae el 


3071. 


35 
66 
00 
74 
00 
29 


98 


3037. 98 


3036. 


3022. 
3018. 
3006. 


3006. 
3004. 
2996. 
2993. 
2982. 


2980. 


2980. 


2978. 


40 
a2 
ve 
82 
98 


05 
39 
63 
09 


~~ 


78 
90 
47 
48 


2973. ¢ 


2972 


2964. 


2945. 


2937. 


2934. 


2912 


2906. 2: 
2902. 4: 


Intensity 


VvactM 


31534. 


Kiest 
ae Bris 


second spectrum of chlorine—Continued 


Term combination 


31542. 12 


31622. 


31631. 


31758. 44 


31980. § 
31986. 2 


31998. 
32003. 8 
32025. 


32043. § 


32282. 


@D)3d 'F3—(@D)4p'D, 
?@D)3d1D3s— ?D)4p 'D, 


4p §D, 


o> 


@D)4s 3D3— (I 
?D)4s *D3—(?P 
(?1D)4s *Dj— (P) 
(2 *D)48 3Dj—(P): 

(2D) 48 D3 — (?P) 


?D bye (?P)4p *D; 
2D)4s §D;3— @P)4p *D 
?D 4a 1D; (?P)4p IP, 


32322. | 


323239. ¢ 
32549. ; 
32567. 4 


32691. 


32860. - 


32907. 


(2D)3d 3¥F3— @P)4p *D; 
21))3d 3F3— @P)4p 7D, 


))3d 3Fs3--@P)4p 3D, 
(2D))3d dt, - ?P)4p 3D, 
CD)3d *k 's— (@P)4p 3D, 

(?2D)4s 3D3-- @P)4p 'D, 


(@P)3d3D3 


32924. < 


330706. 


33115. § 
33246. ¢ 


33256. 
33275. 


33361. 1 
33400. 6 


33516. 
5 

33542. 
33564. 
33621. 
33630. 


337 26. 


33884. 


y= OM « 
HVId 4. 


we ge 
(?D)4s 3D3— 4s’ 


(@P)3d sD3—2" 


(21D)4s *D3—4s’ 3 
(272) 4s 3D3—4s" 3P, 
2D)4s 3D3—4s’ 3P, 
(?D)4s *D3 43’ 3p, 
QP) 3d *DE— 2x" 


CD)4p *D,;— 2D) 4d ' Pi 
(?))3d *F3— @P)3p 1D, 


(2—)) 3d 1P37—(?P)4 ip, 


(4S) 4s 3St— (2D) 4p *D, 
@D)4p 1D, — (?D) 6s 1D3 


33945. 7 


34036. 
34066. 


ow 


34329. § 


34398. 


?D)4p 1P,— ?D)4d !Pi 


344435. 6 


34623. 


f 3p’ *P7— (4S) 4p SP; 


. @D)4s*Di— GP)4p 1p 


34632. 3 





3p’ *Pi— 48) 4p SP» 


(?2D)4s 3D3—- @P)4p 3P; 
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TABLE 1.— Wave lengths in the second spectrum of chlorine—Continued 





| 
eee |Intensity | vyacm-! | Term combination 








2865. | 34891.2 | (D)4s%D3—(P)4p 3P, 
2863. 5! | 34911. & (21D)4s 3D3— ?@P)4p 3P, 
2862. 06 ; | 34929. 6 @D)4s 3D3— (?P)4p 3P, 
2860. | 34946. |  (D)4s 3D}—(@P)4p *Po 


2844. 2 


2839. 

3p’ 3P§— (4S)4p SP, 
| 3p’ *P3— (4S) 4p SP, 
2800. : 35700. ¢ 
2799. . 35708. § 


2788. 6: ‘ 35849. + 
2701.18 | ‘ 36067. ¢ 
2763. 88 36170. 

2758. 6$ ‘ 36238. + 
2754. | $6298. 8 


bo 
a | 


275 36332. 

36378. 5 (??P)4s *P3—2"’ 
36379. 6 

36409. 2 

36429. 


wil, Je 
2748. 
2747. 98 
2745. 


2744. 2¢ 


m Ode cr 


36755. (4S)3d 5D3— (2D) 4p 3F, 
36759. (48)3d §D3— (2D) 4p 3F, 
36829. ¢ | (48)3d 5D3— ?@D)4p 32F3 
36851, 

36891. | (2D)4p 8P,;— (2D) 6s *Dj 


2719. 8% 
2719. 6 
2714. 
2712. 
2709. 


Ww PO he 


36894. § 

36902. 7 | (48)3d §D§—(?D)4p 3F, 
36908. 5 | 2D) 4p *P;— ?D)6s *D3 
36933. 

37040. 


2709. 

2709. 03 
2708. 60 
2706. 76 
2698. 94 


Pe Op 


37045. (@D)4p 8P,— (2D) 6s*Dt 
37094.5 | 

37099.8 | (D)4p3P,—(?D)6s*D3 
37116. | 

37172. 


2698. 56 
2695. 02 
2694. 63 
2693. 41 
2689. 39 


ame Cow h 


or 
oO 


2688. 04 
2679. 37 
2676. 95 37344. § | (48) 4s 3S¢— (2D) 4p 3P, 
2672. 19 37411. « (48) 48 *S¢— (2D) 4p #P, 
2671. 43 37422. 3p’ *P3— (48) 4p *P, 


— , ‘ala (4S) 4p 8P;— (48) 6s 883 
2667. 36 37479. (48) 4p 3P,— @8)6s 38s 
2666. 46 | 37491. | (4S) 4p #P, — (48) 68 283 
2659. 67 37587. § 

2658. 74 37600. 6 3p’ IP§—(?D)4p 'D, 
2648. 19 37750. 


37190. (4) 48 °S¢— (2D) 4p *P, 
37311. 


or 


“ 
==) 
— 


2647. 79 f 37756. 3p’ 3Pi— (4S) 4p 3P, 
sane ‘cil | 3p’ 8Pi— (48) 4p *P, 
2646. 88 : 37769. 3! sp; — (1S) 4p sp, 
2642, 28 37834. 
2635, 82 : 37927. 
2635. 44 37933. 

168819—-39-——-9 
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TABLE 1.— Wave lengths in the second spectrum of chlorine—Continued 


AsirA Intensity | Term combination 








2634.95 | 12 | 37940.1 | (?D)3d'F3—(@P)4p'D, 
2634. | 2 37952. ‘ 
2631. 33 | 37992. 
2630. 38008. 
2626. 38056. 


(?D)3d 3F3—2’ 


WO bo 
bom GW 


38129. 
38159. 
38187. 
38227. 
38234. 


2621. 8 
2619. 8 
2617. ¢ 
2615. 

2614. 6! 


(@D)4p 3D;— (?P)4d Fj 
(?D)4p *D;— (?P)4d 3F} 


no — > 
ADO wk 


38321. 
38328. 
38366. 
38388. 
38400. 


2608. 
2608. 
2605. 
2604. 
2603. 


2582. 
2580. 
2571. 


(?D)4p 3D, — (?P) 4d 3F3 
?D)4p 3D, — (?P) 4d 3F3 


3p’ 3P3— (48) 4p 3P, 
3p’ §P3— (4S) 4p 2P, 


He OOH oD Or 


38705. 
38742. 
38882. 
38925. 
38927. 


(48)3d 9Di— (2P)4p 2D, 
(48)3d *D3— (2P)4p 3D, 
(4S) 3d *D?— (?P)4p *D, 


He CO OO He GO © crns ty 
tO He dO OO 


38959. 
38970. 
38977. 
38987. 
39206. 


p~ 


(48) 3d 3D3— ?P)4p 3D, 
(48) 3d 3D3— (?P)4p 3D, 
(4S)3d 3D3— ?P)4p 3D, 
(4S)3d 3D3— ?P)4p 3D; 
(48) 4p *P.— (48) 5d *D3 


Ne 
oo 


5 
5 
0 
6 
0 


Y 


39238. 
39251. 
39283. 
39296. 
39669. 


(48)4p 3P.— (4S) 5d 3D3 
(4S)4p 3P;— (48) 5d 3D3 
(4S) 4p 3Py— (4S) 5d 3D} 
(4S) 4p 3P; — (48) 5d *Dt 


— i RD 


wows thy 
NNT Oe Noe 


39699. 
39734. 
39765. 
39775. 
39790. 


(D)4p 3F,— (?D) 6s *D3 
(@D)4p 3F;— (2D) 6s D3 
(4S)3d 8D3— (?P)4p 'D, 
(48) 3d 3D3— (?2P)4p 'D, 
CD) 4p 3F,— (?D) 6s *Dt 


we ST 00 


39807. 
39944. 
40011. 
40051. 
40102. 


?D)4p *F.— (2D) 6s *D3 
(48) 4p 5P;— (4S) 6s 583 
(48) 4p 5P,— (4S) 6s 583 
(4S)4p 5P,— (48) 6s 583 


Or, OIOD 


40105. 
40429. 
40514. 
40527. 
40640. 


?2D)4p 3D3— ?D)6s3D3 
?D)4p 3D, — ?D)6s3D} 
?@D)4p 3D,— ?D)6s?D3 


= 4a > OS? 00 


40765. 
40881. 
40902. 
40954. 
40963. 


NIRS 


_ 
— 
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TABLE 1.— Wave lengths in the second spectrum of chlorine—Continued 





l | 
' 

iA Intensity | vysecm-! | Term combination 
| | | 





2440.33 | | 40965. 6 
2434.10 | 41070. 
2433, 26 | 41084. 
2430. 16 | 41137. 
2428.02 | | 41173. 


(4S) 4p §P;— (48) 5d SD 
(48S) 4p 5P3— (4S) 5d D3 


(4S) 4p 5P,— (48) 5d 5D3 
(4S) 4p §P,— (4S) 5d §D3 


orn 


2427.79 | } 41177. 
2424.01 | 41241. 
2420. 30 | : | 41304 
2419. 85 4 | 41312. 
2412. 48 41438. 


(*S)4p SP; — (8) 5d §D3 


Cro D> > bo 


2407.10 | & | 41531. 
2405. 86 | 41552. 
2405. 21 | | 41563. 
2404. 59 ; | 41574. 
2404. 15 41582. 


rm S100 Ct 


41586. 
41621. 
41643. 
41656. 
41672. 


2403. 87 
2401. 87 
2400. 62 
2399. 85 
2398. 91 


to Go bo OO 
DMN OO 


?D)4p 'P,;— ?D)6s!D3 


41692. 

41995. 

42256. 

42711. | (?D)38d'!D3—z2’ 
42851. 


2397. 81 
2380. 46 
2365. 80 
2340. 60 


2332. 


2327. 
2323 


42958. 
43034. | 

43053. | (48) 4p 3P,— 2D) 4d 3D3 
43066. | (48)4p 3P,— 2D) 4d 3D} 
43085.5 | (48)4p3P,—(?D)4d 3D3 


43296. 6 
13378. 
43554. ¢ 
43689. : 
43918. ¢ 


2308. 9: 
2304. 5 
2295. 
2288. 


2276. 


PUKE bt Nee RD NNNNe 


2253. 16 44368. : (48) 3d 3Di—z2’ 
2251. ! AC | 44401, (48) 3d *D3—z’ 
2250. 44411. (48) 3d 3D3—z’ 
2109. 37 | 2 | 47392. (48)4s 3S7—438’ 3P, 
2102. § | 47536. (4S)4s 3S7—48’ #P, 














458 Journal of Research of the National Bureau of Standards 


TABLE 2.—Classified lines of Clu tn the Schumann region 





Intensity 


Yva-cm! | Term combination 
and notes siags 


Aves 4 








1923. 35 (2) | =6§1993 | 3p’ 3P§—(?D)4p 3D, 
1910.76 | (2, 3) 52335 | 3p’ *P?— (2D) 4p #D, 
1887. ¢ (2) 52969 3p’ §P3— (2D) 4p #D, 
1883. 1- 3 (2,3) | 53103 | 3p’ 8P3—(?D) 4p 3D, 
1815. 6 (2) 55078 (4S) 4p *P>—(?D)6s 3D; 


1815. 
1814. 
1813. 7 
1797. § 


1791. 


55092 (4S) 4p *P;—( 
55114 3) 4p *P,—( 
55134 (4S) 4p *P.—( 

55620 3p’ 3P3— (2D) 4p #P, 
55806 3p’ *Pi—(? 


D)6s *D; 
)) 6s o I 3 


I 5 
2D)6s *D3 

] 

I 


bo dS ty bo to 


4p *P, 


8 55957 3p’ 3P:— (2D) 4p 8P, 
85. | 56020 3p’ 3P>— (2D) 4p 8P, 
72. 3 (2,; | 66433 | 3p’ *P3— 2D) 4p 3P, 
6 56585 3p’ *P3— (2D) 4p 8P, 
558 64183 | 3p’ 3P?—(2P)4p 38, 


1542. ¢ , 3) 64811 3p’ *P3—(?P)4p 48, 
1528. { (2) 65406 3p’ 3P3—(?P)4p 3D, 
1484. 6 67356 3p’ 3Pi—(?P)4p 'P,; 
1471. 06 ( 67978 3p’ 3P3— (?P)4p 'P; 
1401. 16 | 71369 3p’ *P3- ~(@P)4> 1S, 


1223. (2) 81719 3p 'D.—3p’ 3P3 
1079. 08 6 2. 2,4 92672 | 3p *P,;—3p’ *P3 
1075. 24 | ‘a2 93002 | 3p 1p, — 3p! 3P3 
1071. : | 93304 3p *P,;—3p’ *Pr 
1071.05 | a) 93366 3p 3P,— 3p’ 3P3 


1067. 9: 
1063. & 
961. ¢ 
926. ¢ 
914. ¢ 


93638 3p *Pi:—3p’ *P§ 
94000 3p *P,—3p’ *Pi 
104005 3p 1D2—3p! 'Pi 
107880 3p *P2,—(4S)4s 583 
109302 3p *Po— (4S)3d 5Di 


NNNNrY 


109608 3p *P,—(4S)3d 5D3 
109860 | 1D,—(D) 3411 
110302 | 3P,— (48)3d 5D3 
111613 | 3P,— (48) 4s 38} 
111912 | sP,— (4S) 4s *St 


912. ¢ 
910. 2 
906. ¢ 


Wwooo 


112604 IP, — (48) 48 3S; 
114679 3p *P,—3p! IP 
115651 | 3p *P,—3p! Pi 
117412 | 'D,— @D) 48 "Ds 
118848 | 3p *Py—(4S)3d #Dt 


119100 | 3P, — (4S) 3d #D3 
119147 3p *P,—(S8)3d *Di 
119808 3P,— (48) 3d *D3 
120795 3P, — (?D)3d 'D3 
125343 | 3p *P,— (?D)3d °F} 


125729 | 3p *Po—?D)4s *Di 
126029 3P,— (2D) 48 3D} 
126049 3p *P,—(?D)4s8 *D5 
126232 ID,— ?P)4s 3P3 
126741 3P,— (2D) 48 3D} 


— 
“IDO WO Go bO orOnhb we TOTS 
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TABLE 2.—Classified lines of Cl 1 in the Schumann region—Continued 








inal — —J 


Intensity 
| and notes 
| 


Pvaocm~! Term combination 





(1,2,4) | 126783 3p 8P,— (°D)4s #D3 
2 126965 3p 'Di— (?P)4s Pi 
(1, 2) 127041 3p 8P,— (2D) 3d 'P} 
(1) 2) 128609 3p !Di— GP) 3d 1s 

3p 'D,— (@P)3d 8Dt 
(1, 2) 129072 3p *P,— (2D) 48 1Ds 


Co Wr wr, 
- 


(2) 129702 3p 'D.— (?P)3d #D3 
(2) 132529 3p 'D:— (?P)3d #F} 
(1, 2) 132686 3p 'D:— (?P)3d #F} 
(1, 2) 136814 3p ®Py— (?P)4s *P} 
(1) 137076 3p ®P,— (?P)4s #P3 





d (2) 137101 3p *P,— (?P)4s *Pf 
137186 | 3p *Pi— (?P)4s 3P3 
137809 3p *P:— (?P)4s *Pt 
137880 | 3p *P;— (?P)4s 3P3 
139032 3p 'D:— ?D)3d ®P3 


139441 3p'1Ds— (?D) 3d D3 
139747 3p 8Py— (2P)3d *Dt 
140050 3p 8P,— (?P)3d *Dt 
140319 3p *P,— (?2P)3d *D3 
140740 3p *P,;— (?P)3d *D} 


141012 3p *P:— ?P)3d *D3 
141357 3p 3P:— (?P)3d *D} 
143656 3p ®P,— (2P)3d 2F} 
144186 3p *P:— (2P)3d *F} 
145444 3p'Di—4p’ *P3 


146022 3p'D1—4p’ *P} 
149816 3p *P)— (2D) 3d Pt 
150112 3p *P;— (?D)3d #P} 
150132 3p *Py— (2D) 3d *Dt 
150328 3p *P,— (?D)3d *D} 


150451 3p *P, — (2D) 3d *Dt 
150677 3p #P,— (2D) 3d ?P3 
150811 3p *P,— (2D) 3d PI 
151023 3p *P,— ?D)3d *D3 
151098 3p *P,— (2D) 3d #D$ 


151144 3p *P,— (?D)3d *Dt 
152651 3p *P,— (4S) 5s *8t 
152952 3p ®P,— (4S) 5s 4St 
153579 3p 2P,— (2D) 3d 28} 
153638 3p *P,— (4S) 5s *8t 


156392 3p *P,—4p’ *P3 
156683 3p *Po—4p’ *Pi 
156971 3p ?P,—4p’ *Pi 
157080 3p *P,—4p’ 3P3 
157265 3p *P,— 4p’ *P3 





KOOnmww nwmnwococe 


2 
3 
2 
3 
0 
2 
4 
0 
0 
1 


-ON- © 


bat pad end bet CS bo bo te to 








157669 3p *P;—4p! *P 
159566 3p 'D;— (?D)5s 'Dj 
161000 3p *Po— (4S) 4d *Dt 
161218 3p *P, — (48) 4d *Dj 
161303 3p *P, — (4S) 4d *Dt 
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TABLE 2.— Classified lines of Cl 11 in the Schumann region—Continued 





Intensity 
and notes 


AvacA Vyaccm™! Term combination 








618. 02 2 (1, 2) 161807 3p 8P.— (48) 4d *D3 
617. 61 1 (1, 2) 161914 3p °P,— (48) 4d 3D3 
617. 0 (2) 162004 3p *P,— (48) 4d 3D} 
612. 7: 0 (2 163204 3p '1D.— (?D)4d 3D} 
599. 0 (2) 166892 3p !D2— (2D) 4d 1D3 


594, 0 (1, 2) 168211 | 3p 'D2.-- (2D) 4d IP} 
589. 8: 0 (2) 169543 3p 8Pp— ?D)5s 3De 
588. 0 (2) 169846 3p °P,—(?D)5s *Ds 
586.25 | 0 (2) 170576 3p *P,— (2D) 5s *D3 
584. 171204 3p §P,— (?D)5s D3 


~~ 
— 
bo 


~ 
i, 


575. < 
574. é 
571. 
566. 
565. 75 


173822 3p *P,— (2D) 4d 2Ds¢ 
174104 3p 3P, — (7D) 4d 3D3 
174840 3p 3P,— (2D) 4d *D3 
176438 | 3p *Po— (2D) 4d 383 
176756 3p 3Po>— (2D) 4d 3P} 


NNN ty 
iS) 


_— PR 
oOorWO 
—_~ ee 
— 


177437 3p 2P,— (2D) 4d 383 

| 177765 3p 3P,— (2D) 4d *P¥ 

2) | 177847 3p 3P,—(2D)4d 3P3 
2) | 179166 3p *P,— (2D) 4d 1P} 


563. 58 
562. ! 
562. 2 
558. 


a 


ht et DD DOD 





The impurities that were encountered in the Geissler tube obserya- 
tions have been discussed in our paper on Cli. In the observations 
with the electrodeless discharge impurity lines due to hydrogen, 
oxygen, water vapor, nitrogen, carbon, sulfur, and bromine were 
recognized. Hydrogen, oxygen, and water vapor were continuously 
present in the tube; the Balmer lines, the principal series of O 1, and 
the lines of the 2811 and 3063 “‘water vapor” bands appearing strongly 
on the spectrograms. Whether or not some of the fainter unclassified 
lines of table 1 may be ascribed to the other water-vapor bands at 
2608, 3428, 3472, and 3548 A, as described by Liveing and Dewar," 
or by Eder and Valenta * cannot be decided at present owing to the 
lack of a satisfactory description of them. The carbon and sulfur lines 
that appeared in the spectra owed their presence, no doubt, to the 
rubber and wax connections between the tube and vacuum line; and 
the bromine was introduced through contamination with KBr. 
The only lines of sodium that appeared were the doublets of the prin- 
cipal series of Na 1. 


1G. D. Liveing and J. Dewar, Phil. Trans. Roy. Soc. (London), (AJ 179, 27 (1888). 
1% J, M. Ederand E. Valenta, Beitriige zur Photochemie and Spectralanalyse, p. 1-28 (K. und K. Hof- uné 
Universituéts Buchhandlung. Vienna, 1904). 
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_The lines in table 2 have been obtained from different sources. As 
ated above, we have had at our disposal unpublished lists of observa- 

on isin the extreme ultraviolet by Bowen, by Weinberg, and by Boyce. 

In addition to these, there is a list extending to 1300 A published by 

Vaudet.”. The wave lengths in the first column are adjusted mean 

yalues for all lines given ‘by more than one author. The intensities 

in the second column are the maximum estimates given by any one of 
the authors. The numbers in parentheses after the intensities refer 
to the sources from which the data have been drawn, as follows: 
1) for Bowen, (2) for Boyce, (3) for Vaudet, and (4) for Weinberg. 
Except for lines indicated ‘above as doubtful, we believe that the 
wave lengths recorded in tables 1 and 2 give a thorough description of 
the spectrum emitted by singly ionized chlorine atoms. Qualitatively 
there is good agreement between our list and the corrected list pub- 
lished by L. and E. Bloch.’* All les common to the two lists appear 
in table 1, but each list contains faint lines not to be found in the other. 

Such lines that cannot be satisfactorily accounted for by term combi- 

nations are probably due to impurities not yet recognized. 


2. TERM STRUCTURE 


The classified lines of Clit may be fully accounted for as combina- 
tions of the terms given in table 4. The neutral atom has 17 extra- 
nuclear electrons, of which 10 fill all the available places within the 
K and L shells, leaving 7 to be assigned to the M and outer shells. 
In the unexcited state of the neutral atom, two of the seven valence 
electrons occupy s orbits and five occupy p orbits of the M shell, the 
configuration being designated symbolically as 3s? 3p*. In the process 
of excitation and ionization, one of the p or one of the s electrons may 
be raised to successively higher orbits until it is removed from control 
of the atom, leaving it ionized. 

The terms that are descriptive of the energy states of the singly 
ionized atom when the electrons are in either of the configurations 
3° 3p‘ or 3s 3p', are the limits approached by the series of Cl1 as the 
excitation of the neutral atom proceeds towards ionization. Similarly, 
excitation of the ion will lead to sequences of terms which approach 
the basic terms of Clim as limits. There will, therefore, be several 
families of terms of Clit, each arising from adding the energy of the 
migrating valence electron, by the quantum methods, to that of either 
a basic or a higher term of Clim, which are known from the work of 


" G. Vaudet, Compt. rend. 185, 1271 (1927). 
*L, and E. Bloch, Ann. phys. [10} 8, 397 (1927); [10] 9, 554 (1928). 
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Bowen.'® The terms thus expected, theoretically, are arrayed jp 
table 3. The terms that have actually been found are listed in tabl, 
4, of which figure 1 is a graphical representation. The terms of (Cy 
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FiaurE 1.—Term diagram for Clit. 


@ indicates even terms; © odd terms 


are thus seen to belong to four, possibly to five, families. Of these, 
the terms arising from ‘S, 7D, and *P of Clin are the most conspicuous. 
They account for nearly all the lines of high intensity. 


I. 8. Bowen, Phys. Rev. 45, 403 (1934). 
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TABLE 4.—Observed terms of Cli 
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TABLE 4.— Observed terms of Cl1ui—Continued 
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TABLE 4.—Observed terms of Cl1r—Continued 


aera tameatiamaeiats cchancone palit 
ee |r ait{?Dax=303816 | *Piy,= 292029 
| Limit: $=321986 | Limit{sp™= 393593 Sa 





| 883 84121. 5 
3S; 79392. 0 


D3 65217. 
3D3 65256. 


| 
| 
} 
| 


| 
8D} 65274. 
1D3 62934. 53377. 0 











583 39766. 9 | 3D 21424. 9551. 3 
3S? 38366. 9 | 8D3 21464. 9627. 7 
8D; 21485. | 8 9662. 1 
1D3 20790. 





583 23326. 4 5101. 7 
383 22753. 4 5139. 0 
5155. 7 
4858. 6 











3P3 98633. 4 eP, 31856. 6 
— 632. 1 
*P; 98001. 3 *P, 32000. 4 
— 334. 1 
3P3 97667. 2 3Po 32159. 7 


1Pi 76343. 6 z’ 27789. 3 
x’ 17743. 7 





5P3 34923. 4 
3P} 34333. 2 

— 290. 0 
*P§ 34043. 2 


1P; 

















The terms of the ‘S family are quintets and triplets. The important 
multiplets of the quintet system are the groups described by Paschen. 
To these, our work and that of the Blochs have added a few more. 
The faint, diffuse lines at 6365 A probably represent a combination 
between (*S)4d *D° and the ®F term to be expected from the configura- 
tion (4S)4/; but at present there is no verification of this. The triplet 
terms of the ‘S family have been found by Murakawa and, independ- 
ently, by us. For most of the term assignments, the two investigations 
are in agreement, but Murakawa adds to this system a term that he 
designates as 4f*F. In table 4 this term is given the label 2’, indicat- 
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deBruin 


ing that, for the present, we prefer to leave it unassigned. The reasons 
for this are stated below. The intercombinations between the two 
systems of the *S family have now been found and Paschen’s quintet 
multiplets, which have stood apart, are here tied up with the extensive 
triplet systems. 

The terms of the *D family consist of singlets and triplets and con- 
stitute the largest group of Clit. Some of the strongest lines of the 
spectrum are accounted for by the combinations of the 3d and 4s 
jerms With the 4p terms. Less intense, but equally numerous, groups 
of lines come from the combinations of the 4d, 5s, and 6s with the 4p 
terms. Murakawa has reported all the triplet terms in this family 
from the 4s, 4p, 4d, and 5s electron configurations, some from the 3d 
configuration, and a few singlet terms. In addition to these terms, we 
vive in table 4 nearly all the singlets required for these configurations 
nd the rest of the triplets of the 3d group. 

The terms of the *P family are given here for the first time, except 
ad°D°, which is due to Bowen. The prominent lines of this family, 


as with the 7D family, arise from the combination of the 4s terms, 'P° 
and *P°, with the 4p terms. The 3d terms, although approaching the 
4s terms in stability, do not combine as readily with the 4p terms. 
This is revealed by the nonappearance of the multiplets 3d *D°— 
tn °F, 3d §P°9—4p *D, 3d *P°—4p%S, and only the partial appearance 

{3d *P°—4p 8P, 3d ®P°—4s’ 3P. 

The singlets of both the 7D and ?P families presented some difficulty. 
After most of the triplet terms described above had been found, the 
remaining outstanding lines were searched for recurring, constant 
wave-number differences. Among these lines the differences 7,788.5, 
5651.2, and 1,774.2 cm7 were recognized as significant. In particular, 
two pairs of lines with the difference 7,788 also exhibited the difference 
13,409 cm that separated two strong lines in the far ultraviolet. 
This clue led to the scheme of singlet terms as given in table 4, and 
further search revealed the intersystem combinations that tied them 
up with the triplets and quintets. 

The terms of the 4S, ?D, and *P families described in the preceding 
paragraphs result from removal of a p electron from the configu- 
ration 3s? 3p*. The configuration 3s 3p° is also possible and the exci- 
tation of Cl* may proceed by removal of the s electron. This yields 
another family of *P° and 'P° terms with 3p5 (?P’) of Cl m1 as limit. 
The terms recognized as members of this family are distinguished by 
the configuration symbols 3p’ and 4p’ in table 4. 

After the term assignments discussed above had been made, there 
remained undesignated three terms, 4s’ *P and two single terms 2’ 
and #’’, for which no origin was obvious. These terms are of even 
parity and give some rather strong combinations. Murakawa has 
interpreted the term z’ as (‘S)4f*F. If this is correct, then z’’ must 
be regarded as (4S)5f*F, because its behavior is closely similar to that 
ofz’. In support of this view is the fact that if they result from addi- 
tion of an f electron to ‘S then they are closely hydrogenic in character, 
their Rydberg denominators being 3.973 and 4.973, respectively. 
However, they do not exhibit the combinatory characteristics of 
‘F terms. They combine strongly only with the 3d°D terms of the 
‘S, ?D, and ?P families. We have photographed the lines in question 
with high dispersion, in particular the three lines at 2250 A with the 
dispersion of 0.5 A/mm afforded by the large quartz-prism spectro- 
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graph, and find them to be sharp, without shading or satellites, T), 
observational evidence indicates that the terms z’ and z”’ are gj ole 
and with inner quantum number 2. If they belong to the ‘S family 
they might be regarded as *P2 terms obtained by addition of iy 
electrons to ‘S, but failure to observe close components of the multiple 
term argues against this view. 

An alternative, though not satisfactory, view is to attribute the 
origin of the terms 4s’ *P, z’, and z’’ to the configuration 38 3p 4; 
resulting from excitation of an s electron out of the ground state of 
Cl+. Terms of this character are not known in other spectra related 
to Clu, and a weighty objection to this interpretation is the nop. 
appearance in the analysis of the other terms of the configuratioy, 
which might reasonably be expected to be present with son 
prominence. 


3. SERIES AND IONIZATION POTENTIAL 


The 5S° and °S° terms of the *S family form excellent sequences 
from which to calculate absolute term values. For each series we 
have observed combinations with terms from the 4s, 5s, and 4; 
electrons. We may, therefore, rigorously solve the Ritz term formulg 


ms S= 4Roy 
~~ {m+a+B(mssS) }? 


and evaluate the constants. For the quintet series, we find 45 
5S.=84,150 cm7!; a=—1.6467; and B=0.8134X10-*; and for the 
triplet series we find 4s °S,;=79,333 ecm™'; a=—1.5846; and 
B=—0.7917X 107°. 

Similar excellent sequences may be found in the terms of th 
?D) ms groups. As an example, we may cite the series of *D, terns 
that converge to 7D», of Cl m1. From three observed members we 
solve a Ritz formula similar to the above and find 4s *>D,;=83,411 em™! 
a—=—1.6387; and B=8X1077. This value of 4s *D3, when reckoned 
from *S, must be diminished by 18,120 cm, the distance between 
‘S and *D.y. In the list of ultraviolet lines, table 2, may be found 
combinations between the lowest term of Clit and the terms 4: 
5S3, 4s °Se, and 4s °Dg. These give 192,032, 191,938, and 192,075 em™ 
respectively, for the distance separating the ground states of Cl 1 and 
Clin. Accordingly, we adopt 192,000 cm for the value of 3p ‘?,, 
corresponding to an ionization potential of 23.70 volts. This is in 
exact agreement with Murakawa’s result. 

It is well known that series from the d electron are not satisfactorily 
represented by the Ritz formula. For the 5D terms of Clit arising 
from ‘4S, we can find only an approximate agreement with the formula. 
For the *D terms of the same family, the lack of agreement is quite 
pronounced, being aggravated by the perturbative influence of the 
term 3d*D of the ?D family. The effect of this perturbation is to 
shift the term 4d *D from its normal position in the energy scale, and 
is further manifested in the shifted positions and the anomalous seps- 
rations of the other terms of the series. This behavior is precisely 
that described by Shenstone and Russell ” for the perturbed series of 
various elements. 





” A. G. Shenstone and H. N. Russell, Phys. Rev. 39, 415 (1932), 
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4. COMPARISON WITH SIMILAR SPECTRA 


The spectra SI, Cl II, Am, K Iv, Cav, etc., form an isoelectronic 
sequence, which it is instructive to examine in order to check term 
j<siznments and to discover the clues leading to new identifications. 

Partial term analyses have been made for each of these spectra: by 
\feissner, Bartelt, and Eckstein* and by Ruedy” for S1; by deBruin*8 





\r SI Cll All Kv 
R oP 


2.00 








Rd 


FIGURE 2.— Moseley diagram for St isoelectronic sequence. 





for Aim; by Ram *, and by Bowen * for Kiv and Cav. In only the 
first three spectra, however, have series been found from which abso- 
lute term values may be derived. 

A striking feature of the term structure of these spectra is the 
increasing stability with atomic number of the 3d electron. In S1 
the 3d terms lie in the vicinity of the 4p group and combine with them 
to give lines, not yet observed, that fall far into the infrared. In 
Clu, however, as shown in figure 1, the 3d terms approach the 4s 


"K. W. Meissner, O. Bartelt, and L. Eckstein, Z. Physik 86, 54 (1933). 
“J. E. Ruedy, Phys. Rev. 44, 757 (1933). 

4 T. L. deBruin, Proc. Acad. Sci. Amsterdam 40, 340 (1937). 

4M. Ram, Indian J. Phys. 8, 151 and 163 (1933). 

* 1, S. Bowen, Phys. Rev. 46, 791 (1934). 
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group in stability, while in Aim and the succeeding spectra the 3) 
terms have dropped below the 4s groups. An exception to this shai 
ment is to be noted for some of the 3d terms of the 2D family. VW, 
find that the *D°, *P°, and *S° terms of this group, if they have boo, 
correctly designated, lie above the 4p terms, and apparently oy 
unrelated to the *G° and *F° terms. No simple explanation is appar. 
ent for this division of the terms of a configuration into two Widely 
separated groups, but the behavior is quite analogous to that of th, 
(3P) 3d terms of Clim as described by Bowen. __ - 
In table 5 are entered values of ./7/R for corresponding terms of 
S1, Clu, and Ant. Figure 2 is a Moseley diagram of these dat 
and portrays the fidelity with which the prominent terms of the §; 
isoelectronic sequence obey the irregular doublet law. The dotte; 
portions of the curves represent an extrapolation to the probable posi. 
tions of the Kiv terms for which absolute values are still lackino 
The entries in the table for the (?P) 4p terms of S1 are out of harmony 
with the other values for the 4p group, which suggests that perhays 
they have not been correctly identified. The 'S, term of the ground 
configuration has been given only for Sr. If this has been correct]; 
identified, we should expect the corresponding term of Cl 1 to have g 
value close to 164,500. A thorough search through the available way 
length lists has failed to reveal the lines necessary to establish it 


TaBLe 5.—Values of /7/R for the S1, Clu, A 11 isoelectronic sequence 





Term S1 | A Clu A Ain 





| 
| 


3p *P 
3p 1D 
3p '8 


(48) 3d §D° 





0. 450 
. 459 


| 
| 
| 
| 
| 


1, 323 


0. 413 


(4S)3d #D° 





(48) 48 58° : : , dl . 19] 
(21D)4s 3D° 4 3 . 872 . 3lé . 187 
(2P)4s §P° ; : . 875 “in . 199 


(48) 4p 5P _ . 759 068 
?D)4p 3F : : . 757 . 80! 065 
?P)4p 2D . 758 . 308 066 
(?7P)4p 3P é ; . 741 a! . 038 





(4S) 5s §S° : | . 602 . 24 . 850 
(2D) 5s *D° . 600 : . 848 
(?P)5s *P° . 600 , . $48 
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chlorine spectra in the Schumann region. 
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